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 A concussion is a type of mild traumatic brain injury (mTBI) resulting from a bump, 
blow, or jolt to the head or body that causes rapid movement of the head and brain. A 
neurometabolic crisis results, causing an ionic flux and the release of glutamate to resolve the 
injured brain’s energy demands. In the majority of cases, individuals make a full recovery as the 
byproduct of cognitive and physical rest. When individuals do not return to normal levels of 
functioning, chronic cell death, neuronal dysfunction, and neurodegeneration may underlie long-
term impairment (>1 month). Postconcussion syndrome (PCS) refers to the collection of 
lingering symptoms that follows concussion. PCS has become a major public health concern due 
to its increasing prevalence and lack of consensus regarding a scientifically valid treatment 
protocol. Symptoms such as headache, difficulty concentrating, and depressed mood may 
continue for weeks, months, and even years after the injury. Despite evidence of cognitive and 
affective benefits of physical activity, individuals with lingering symptoms are often reluctant to 
engage in exercise for fear of symptom exacerbation. However, recent scientific evidence has 
supported engagement in aerobic exercise to reduce symptom severity. In addition to aerobic 
exercise, cognitive training is a tool often used to improve cognitive deficits. Relying on brain 
plasticity-based learning, cognitive training targets specific cognitive abilities such as attentional 
control that may translate into a reduction of PCS symptoms. To date, no studies have tested the 
combined effects of aerobic exercise and cognitive training on refractory postconcussion 
symptom reduction.  
The purpose of this study was to examine the efficacy of a multimodal, center and home-
based training program involving aerobic exercise and cognitive training on symptom reduction 






Participants were randomized to one of three conditions: (1) an aerobic exercise and cognitive 
training group, (2) an aerobic exercise and video watching group, or (3) a control group. Results 
of a repeated measures analysis of covariance indicated statistically significant within-group 
effects [F(2,26) = 6.54, p < .05, d = .72] and between-group effects [F(2,26) = 4.90, p < .05, d = 
.56] on RPQ-3 ratings as well as within- [F(2,26) = 10.36, p < .05, d = .90] and between-group 
effects [F(2,26) = 5.51, p < .05, d = .88] on RPQ-13 ratings. Cognition was assessed using 
assessments from the NIH Toolbox Cognitive Battery. Significant differences on measures of 
inhibitory control and attention, working memory, processing speed, and executive switching are 
discussed. Results should be interpreted with caution due to the preliminary nature of the study. 
Findings can be used to guide future research design and intervention that incorporate multiple 
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CHAPTER I: INTRODUCTION 
Background and Significance 
According to the most recent consensus statement on concussion in sport, there is limited 
evidence concerning well-established, scientific treatment protocols for refractory symptoms of 
concussion (McCrory et al., 2017). Having an estimated incidence rate of 600/100,000 within the 
U.S. (Cassidy et al., 2004) physical and cognitive rest are the most widely used interventions for 
concussion and mild traumatic brain injury (mTBI; Ingebrigtsen, Romner, & Kock-Jensen, 2000; 
McCrory et al., 2009). Physical rest does not imply complete bed rest but rather a restful pattern 
of activity throughout the day that minimizes physical exertion. Limiting work or school 
demands, computer and cell phone use, and minimal exposure to loud music are examples of 
cognitive rest (McLeod & Gioia, 2010). Rest minimizes discomfort during the acute period of 
recovery, the initial 24-48 hours, by alleviating postconcussion symptoms and brain energy 
demands (McCrory et al., 2017). However, the exact amount of rest is unknown and varies from 
person to person. In general, most individuals will spontaneously recover and resume normal 
activity within two weeks. Yet, a sizeable portion of those injured will take much longer than 
two weeks to recover and resume normal activity. 
Approximately one in three individuals will report prolonged postconcussion symptoms 
for months following the injury (Leddy, Sandhu, Sodhi, Baker, & Willer, 2012). When formally 
diagnosed by a medical professional, this constellation of lingering symptoms is referred to as 
postconcussion syndrome (PCS). Among individuals diagnosed with PCS, prevalence estimates 
range anywhere from 13 to 66% for those who have sustained at least one concussion (Babcock 
et al., 2013; Barlow et al., 2010; Lew, Tun, & Cifu, 2009). Various treatments have been used 
for PCS including continuous rest, psychological counseling and education, hyperbaric oxygen 
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therapy, and medication. Deviations in protocols to treat concussion resemble those used in the 
treatment of PCS such that there is no consensus on treatment standards. Until recently, exercise 
has not been considered as an appropriate course of treatment for refractory symptoms. 
However, the current body of literature suggests that aerobic exercise may serve to improve 
those individuals’ well-being through symptom alleviation as evidenced by neurophysiological 
changes.  
In the 2008 consensus statement on concussion in sport it is stated that future directions 
for management should include exercise therapy as part of the rehabilitation strategy (McCrory 
et al., 2009). This recommendation is echoed in the most recent consensus statement as well 
(McCrory et al., 2017). A group of researchers from the University of Buffalo Concussion Clinic 
developed an exercise protocol that has been shown to reduce the number of symptoms among 
this population. Specifically, Willer and Leddy (2006) designed a three-week exercise program 
where they observed a reduction of symptoms and immediate effects on fatigue and mood among 
individuals with PCS. Leddy and colleagues (2010) concluded that supervised, moderately 
intense exercise (<80% max HR) can be a safe and reliable treatment method for PCS. This 
evidence laid the groundwork for future intervention research that has continued to support 
aerobic activity as an effective means to treat lingering postconcussion symptoms (Baker, 
Freitas, Leddy, Kozlowski, & Willer, 2012; Clausen, Pendergast, Willer, & Leddy, 2016; 
Kozlowski, Graham, Leddy, Devinney-Boymel, & Willer, 2013; Leddy et al., 2013).  
Despite epidemiological data representing physical activity levels for many clinical 
populations, little is known regarding the exercise habits of those with refractory postconcussion 
symptoms. Majerski and colleagues (2008) examined postconcussion physical activity intensity 






neurocognitive performance compared to those who reported moderate levels of intensity. Thus, 
the intensity in which one exercises likely plays a critical role in symptom exacerbation and 
neurophysiological recovery. Long-term moderate intensity exercise has been associated with 
reduced risk for chronic health conditions such as metabolic syndrome (Tjønna et al., 2008), 
Type 2 diabetes (Sigal, Kenny, Wasserman, Castaneda-Sceppa, & White, 2006), and 
improvement in functional capacity and quality of life in patients with chronic heart failure 
(Belardinelli, Georgiou, Cianci, & Purcaro, 1999). Additionally, in one population-based case-
control study, moderate intensity exercise was associated with a reduced risk for mild cognitive 
impairment (MCI) later in life (Geda et al., 2010). Considering these and many other health 
benefits, there is need to continue exploring aerobic exercise’s role in clinical populations such 
as PCS.  
In the last decade, cognitive training has received notable attention for its potential to 
train areas of cognition (Dahlin, Nyberg, Bäckman, & Neely, 2008). Often used to treat cognitive 
deficits, cognitive training is easily accessible and can be delivered in a variety of platforms 
including smartphone devices and tablets. Special populations such as those with hypertension, 
diabetes, breast cancer survivors, and geriatrics, are vulnerable to cognitive decline (Dacks et al., 
2016). While certain prescription drugs may reduce the risk or slow the progression of dementia 
or MCI, many of these trials are in Phase I or II and need additional research before any clinical 
recommendations can be made. The most common cognitive deficits noted among PCS 
populations include executive functions (EF) such as working memory and attentional control 
(Ryan & Warden, 2003; Smits et al., 2009). Cognitive training has been shown to increase brain 
function, connectivity, cortical thickness, and neurotransmitter function among young and old 
healthy adults as well as children with ADHD (Ball et al., 2002; Klingberg, 2010; Takeuchi et 
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al., 2010). Among individuals with MCI, cognitive training has received support as a method to 
postpone cognitive decline (Belleville, 2008). To date, very few trials have examined the 
effectiveness of training specific areas of EFs following concussion or mTBI. A recent review of 
the literature yielded only 10 publications that examined computer-based interventions among 
individuals with mTBI with weak evidence to suggest their effectiveness on improving cognition 
(Fetta, Starkweather, & Gill, 2017). Reasons for this included lack of a standard method for 
assessing the severity of the brain injury, lack of sample homogeneity, and inconsistent cognitive 
performance measures. Here, authors called for well-designed research studies with adequate 
sample sizes taking into account pre-injury comorbidities, time since injury, age, and gender 
(Fetta et al., 2017). Additionally, no practice standards are currently in place regarding the 
number of sessions or duration of computerized cognitive training programs needed in order to 
observe significant change (Kesler et al., 2013). Although commercially available cognitive 
training applications have yet to produce significant cognitive gains among healthy young adults 
(Kable et al., 2017), there is optimism that it may be effective in reducing certain postconcussion 
symptoms (e.g., difficulty concentrating). Considering the numerous cognitive complaints that 
follow concussion or mTBI, computerized cognitive training in conjunction with exercise, may 
restore – or improve individuals’ cognitive performance.  
Definition of Terms 
 The following provides definitions for terms that are used throughout this dissertation. 
 Postconcussion syndrome (PCS). A constellation of three or more physical, cognitive, or 
emotional/behavioral symptoms that follows concussion or mTBI and cause debilitative stress 







 Postconcussion symptoms. Physical, cognitive, sleep, and emotional/behavioral 
symptoms that are the result of a concussion or mTBI. 
 Concussion. A traumatic brain injury induced by biomechanical forces caused by either a 
direct blow to the head, face, neck or elsewhere on the body with an impulsive force transmitted 
to the head (McCrory et al., 2017). 
 Aerobic exercise. A type of physical activity consisting of planned, structured, and 
repetitive bodily movement done to improve or maintain one or more components of physical 
fitness requiring oxygenated blood (ACSM, 2017). 
 Cognitive training. A behavioral method of treatment for cognitive deficits that involves 
improving or restoring cognitive function (Morris, 2007). 
 Executive function (EF). An umbrella term that refers to a variety of different capacities 
that enable purposeful, goal-directed behavior, including behavioral regulation, working 
memory, planning and organizational skills, and self-monitoring (Stuss & Alexander, 2000).  
Problem Statement 
 While evidence of postconcussion symptom reduction following structured physical 
activity has been recognized, no such relationship has been investigated in terms of its efficacy 
when combined with an adjuvant therapy under the constraints of a randomized controlled trial. 
As evidenced by Baker and colleagues (2012) and Leddy and his colleagues (2010; 2013), the 
results from prior studies are promising based on increases in aerobic endurance at follow-up and 
reductions in postconcussion symptoms. This, along with the substantial amount of evidence on 
aerobic exercise and cognitive training in populations with MCI, warrants an investigation of 
aerobic exercise and cognitive training in populations with refractory postconcussion symptoms. 
Given the beneficial neurocognitive effects of physical activity and cognitive training as well as 
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support for the investigation of a multimodal method of treatment from the most recent 
consensus statement on concussion in sport, the following presents a randomized controlled trial 
investigating these relationships.  
Conceptual Framework 
In order to explain physical activity behavior among healthy and clinical populations 
(e.g., breast cancer, diabetes, multiple sclerosis), Young and colleagues (2014) suggest use of the 
social cognitive theory (SCT) framework. This group of researchers conducted a random-effects 
meta-analysis that revealed SCT constructs accounting for approximately 31% of the variance in 
physical activity (Young et al., 2014). Specifically, self-efficacy and goal setting were 
consistently associated with physical activity engagement. Considering these findings, direct and 
indirect effects on physical activity behavior may be explained by examining the cognitions and 
motivations of those with lingering postconcussion symptoms.  
Bandura’s extensively studied SCT, suggests human behavior as motivated and regulated 
by the ongoing self-monitoring and evaluation of one’s circumstances (Bandura, 1991). Self-
efficacy acts as a mechanism that influences thought processes, affect, motivation, and behavior 
(Bandura, 1991). In the context of physical activity, efficacy beliefs and outcome expectations 
are important determinants of exercise behavior (McAuley & Blissmer, 2000). Adults across the 
lifespan who are confident in carrying out exercise behaviors, receive social support, and have 
access to activity-supportive environments, are more likely to remain active (Trost, Owen, 
Bauman, Sallis, & Brown, 2002). Considering these factors and physical activity levels prior to 







In treating postconcussion symptoms, a working hypothesis pertaining to the underlying 
cause for deficits in EFs like memory and attention stems from our brain’s undertaking of 
microstructural damage to neurons. Often with neurobiological changes come affective 
symptoms that manifest in depressive and anxious behaviors. Among retired football players 
with a history of concussion, disruption of social relationships is the most common correlate 
between head injury and depression (Guskiewicz et al., 2007). To understand the root cause of 
concussion and its social consequences, a social cognitive neuroscience framework is used to 
guide behaviors mediated by the brain. This interdisciplinary approach emphasizes 
understanding information-processing mechanisms responsible for psychological processes 
(Ochsner & Lieberman, 2001). Motivational and social factors influence behavior and 
experience at the social level, whereas the cognitive level involves information-processing 
mechanisms that give rise to socio-level phenomena. Beneath information-processing 
mechanisms are neural adaptations and signals that result in the regulation of thought, affect, 
behavior, and attention.  
A social cognitive neuroscience framework has been used to examine cognitive 
characteristics among successful and unsuccessful physical activity self-regulation behavior. Hall 
and colleagues (2008) revealed heavier recruitment of cognitive resources in the dorsolateral 
prefrontal cortex (dlPFC) during the Stroop task among successful self-regulators relative to 
those who were unsuccessful. It is widely considered that physical activity self-regulation relies 
on overlapping networks of brain regions, though research has yet to identify particular 
network(s) solely responsible for this regulation. Buckley and researchers (2014) suggest three 
overlapping networks of brain regions responsible for physical activity self-regulation, which 
include a “default mode” network for resting states, a “fronto-parietal” network involved in 
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cognitive control, and brain regions associated with reward (e.g., ventromedial prefrontal cortex 
and amygdala). Interventions that employ cognitive training programs have been shown to 
improve facets of cognition such as cognitive control in adults with and without cognitive 
impairment (Law, Barnett, Yau, & Gray, 2014). 
Physical activity and cognitive training interventions hold the potential to produce 
positive cognitive changes and improvements in physical function as evidenced by Willis et al 
(2006) and Hertzog et al (2008). Computerized cognitive training is considered an effective and 
easily adoptable method for training EFs (Kramer, Hahn, & Gopher, 1999). To fully understand 
factors that are associated with the effectiveness and convenience of computerized cognitive 
training, the Technology Acceptance Model (TAM) has been used to elucidate determinants of 
user acceptance and adoption. Lau and colleagues (2011) conducted a systematic review and 
concluded that Internet and mobile technology-based interventions yield positive effects on 
physical activity when compared to in-person programs. Moreover, a recent systematic review 
evaluated interventions aimed at improving memory function after acquired brain injury and 
found positive results from computerized cognitive training and considered this as the most 
promising approach to improving EFs (Bogdanova, Yee, Ho, & Cicerone, 2016). Having low 
cognitive burden contributes to user convenience and increases likelihood of compliance. Thus, 
it was important to assess user’s acceptance of the cognitive training platform in the present 
study. 
Study Objectives 
The purpose of the present study was to examine the efficacy of a 4-week multimodal 
intervention involving aerobic exercise and cognitive training among adults with persistent 






evidence supporting cognitive training’s influence on EFs, this pragmatic approach to treatment 
offers scientific merit in advancing theory specific to a clinical population not yet well 
understood. It was hypothesized that participants receiving the aerobic exercise intervention 
combined with cognitive training would experience a greater reduction in refractory symptoms 
compared to those receiving only aerobic exercise as well as those in the passive control group. 
Additionally, improvements in working memory and attentional control were predicted among 
those in the aerobic exercise and cognitive training condition relative to the other two groups. 
The following objectives aimed to add to the current body of evidence supporting aerobic 
exercise’s role in recovery from postconcussion symptoms and evaluate the efficacy of a novel, 
4-week aerobic exercise program together with cognitive training: 
§ To study the efficacy of a 4-week aerobic exercise and cognitive training program on 
symptom reduction among participants with postconcussion symptoms 
§ To determine the extent to which the effects of a multimodal intervention may transfer to 
working memory and attentional control as EFs 
§ To explore factors of the TAM that guide participants’ use of a smartphone-delivered 
cognitive training program 
Significance of the Study 
Refractory postconcussion symptoms can adversely effects one’s quality of life resulting 
in additional social and economic costs (Daneshvar, Riley et al., 2011). Thus far, treatments for 
chronic symptoms such as prescribed medication have had mixed results and no “gold standard” 
exists. Just as a comprehensive clinical assessment is needed for concussion diagnosis, it has 
been recommended that more research be conducted regarding the use of multiple approaches for 
the treatment of lingering symptoms (McCrory et al., 2017). Aerobic exercise has been shown to 
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alleviate persistent headaches and restore homeostatic rates of cerebral blood flow (CBF) in as 
little as two weeks’ time (Baker et al., 2012; Leddy et al., 2010). In addition to exercise, 
cognitive training has been found to impact neural structure and improve targeted areas of 
cognition such as working memory and attentional control (Ball et al., 2002). Delivery of a 
cognitive training program can be achieved through use of a mobile device, making it a practical 
option for intervention design. Given the beneficial neurocognitive effects of cognitive training 
and aerobic exercise (Kramer, Hahn, Cohen et al., 1999; Smith et al., 2010), the efficacy of a 4-
week multimodal intervention involving aerobic exercise and cognitive training among 
individuals with postconcussion symptoms was investigated. It was theorized that exercise and 
cognitive training would increase cortical activity and functional connectivity between the 
hippocampus and frontal cortices (Simon, Yokomizo, & Bottino, 2012), resulting in improved 

















CHAPTER II: LITERATURE REVIEW 
Concussion vs. mTBI 
 Throughout most of the U.S. literature, the terms concussion and mTBI are often used 
interchangeably. Although present in less than 10% of all head injuries (Delaney, Lacroix, 
Leclerc, & Johnston, 2002; Guskiewicz et al., 2003), loss of consciousness (LOC) is often used 
to differentiate between conditions. According to criteria set forth by the Centers for Disease 
Control and Prevention (CDC; 2003), World Health Organization (WHO) (von Holst & Cassidy, 
2004), National Athletic Trainers’ Association position statement on management of sport-
related concussion (Guskiewicz et al., 2004), and the Prague Sports Concussion Guidelines 
(McCrory et al., 2005), LOC is not required for concussion. However, both conditions present as 
possible cases for postconcussion symptoms. Numerous studies and reviews have provided 
consistent evidence suggesting LOC is not required nor predictive of postconcussion symptoms 
(Binder, 1986; Sterr, Herron, Hayward, & Montaldi, 2006; Teel, Marshall, Shankar, McCrea, & 
Guskiewicz, 2017). For consistency purposes, the term concussion is used throughout this 
chapter with the exception of when relevant evidence specifically uses the term mTBI. 
Concussion and its Risk 
Concussion is a debilitating condition that presents increased risk for poorer overall 
health, quality of life, and cognitive impairment. Across various levels of sport, one of the 
leading sport-related injuries is concussion (Buzzini & Guskiewicz, 2006; K. D. Kelly, Lissel, 
Rowe, Vincenten, & Voaklander, 2001). Annually, the CDC estimates between 1.6 and 3.8 
million concussions to occur in sports and recreational activities (Langlois, Rutland-Brown, & 
Wald, 2006). In one study involving two military bases between the years 2009 and 2014, almost 
25,000 soldiers returning from Afghanistan or Iraq were screened for mTBI (Schwab et al., 
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2017). Nearly half of these soldiers experienced postconcussion symptoms three months later. 
Among motor vehicle accidents, concussions occur in approximately one out of every 61 
occupants involved in tow-away crashes (Viano & Parenteau, 2015). Regardless of context in 
which the injury was sustained, concussion is a concerning health condition with implications for 
serious health consequences.  
A neurometabolic cascade (series of cellular events defined by the release of 
neurotransmitters resulting in substantial ionic flux) occurs immediately following injury to the 
brain (Hovda et al., 1995). Specifically, acute metabolic and ionic changes trigger a cellular 
energy crisis that lead to impaired neurotransmission, as evidenced by axonal alterations, delayed 
cell death, and chronic dysfunction (Barkhoudarian, Hovda, & Giza, 2011, 2016; Giza & Hovda, 
2001). In rodent models, posttraumatic alterations in glucose metabolism resolve within 7 to 10 
days, though these changes in glucose have been observed in humans up to four weeks postinjury 
(Bergsneider et al., 2000). Once pathophysiological processes and CBF return to homeostatic 
levels, the majority of individuals no longer report symptomology after one week. For example, 
McCrea and colleagues (2003) studied 94 collegiate athletes who had sustained a concussion and 
found that 91% returned to baseline levels within seven days.  
A growing body of evidence suggests an association between concussion and long-term 
neurological impairment (Harmon et al., 2013). For instance, Konrad and colleagues (2011) 
investigated long-term cognitive consequences among 33 individuals with mTBI and revealed 
significant impairment in tasks assessing working memory and attention, six years post-injury. 
Findings from a meta-analysis revealed that when symptoms are persistent, cognitive impairment 
can be observed as long as two years post-injury (Schretlen & Shapiro, 2003). Martini and 






concussion, including only those studies that examined performance at least one year after the 
incident. Findings highlight electroencephalography (EEG) data where individuals with a history 
of concussion produce significantly lower P3 amplitude (degree of attention allocated to a task; 
greater P3 amplitude is related to better memory performance) in response to a stimulus (Martini 
& Broglio, 2017). However, authors note inconsistency across trials using certain neurocognitive 
assessments such as the Immediate Post-Concussion Assessment and Cognitive Testing 
(ImPACT), since these tests are designed to diagnose concussion in the acute phase rather than 
assess long-term recovery (Broglio, Ferrara, Piland, & Anderson, 2006).  
Since conventional methods of clinical imaging are unable to detect neurological changes 
from concussion, nontraditional techniques are often explored. For example, functional near-
infrared spectroscopy (fNIRS) quantitatively assesses cortical activation and communication 
associated with cognitive tasks and has been used among PCS populations. This noninvasive 
technique is sensitive to hemodynamic changes through use of NIR light fiberoptics that transmit 
light into cortical tissue (Hocke, Duszynski, Debert, Dleikan, & Dunn, 2018). fNIRS detects 
changes in oxy- and deoxyhemoglobin caused by neurovascular coupling, which is believed to 
indirectly reflect neuronal activity (Buxton, Wong, & Frank, 1998; Hoshi, Kosaka, Xie, Kohri, & 
Tamura, 1998). Specifically, the lateral dlPFC is often examined using fNIRS because of its 
association with EFs including working memory and attentional control (Kane & Engle, 2002). 
A recent trial observed reduced cortical connectivity within the right and left dlPFC during a 
working memory task among individuals with persistent postconcussion symptoms compared to 
healthy controls. This reduction may explain symptom exacerbation and be used as a biomarker 
of postconcussion symptomology.  
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Due to the high costs associated with imaging techniques, cognitive assessments offer an 
affordable alternative for measuring neuropsychological change. Over time, cognitive 
assessments have evolved to become sensitive for the identification, assessment, care, and 
treatment of brain impaired populations (Lezak, Howieson, Loring, & Fischer, 2004). For over 
30 years a number of neuropsychological assessments have been used to document the impact of 
concussion. Examples of these assessments include the Wisconsin Card Sort Test, Trail Making 
Test, Symbol Digit Modalities Test, and the Hopkins Verbal Learning Test (Ellemberg, Henry, 
Macciocchi, Guskiewicz, & Broglio, 2009). These assessments serve as proxies for brain 
abnormalities that can be observed from brain imaging techniques including functional and 
metabolic imaging as well as EEGs that suggest abnormalities in electrical responses, metabolic 
balance, and neurons’ oxygen consumption (Ellemberg et al., 2009). The National Institutes of 
Health (NIH) developed the NIH Toolbox Cognition Battery (NIHTB-CB), which offers 
computer-based instruments assessing EF, episodic memory, working memory, and processing 
speed. Having acceptable internal consistency, excellent test-retest reliability, and strong 
convergent and discriminant validities among adults (Heaton et al., 2014) the NIH offers a cost-
effective approach in assessing cognitive performance.  
Neurobehavioral symptoms including depression, anxiety, and aggressive behavior have 
been observed years following a concussion (Henry, Tremblay, & De Beaumont, 2017). Studies 
have shown that athletes with histories of multiple concussions exhibit an increased risk of long-
term depression, memory impairment, and mild cognitive impairment (MCI) (Guskiewicz et al., 
2005). More specifically, a history of two or more concussions increased risk of depression 
three-fold compared to individuals with a single or two concussion history according to a recent 






detrimental effects on memory performance in athletes who have sustained three or more 
concussions compared to those without a history of concussion (Iverson, Gaetz, Lovell, & 
Collins, 2004). One particular trial examined 38 patients with a single mTBI that had occurred at 
least 12 months prior to assessment and revealed significantly poorer performance on measures 
of EF (working memory, attention span, inhibition) compared to 38 matched controls (Sterr et 
al., 2006). A longitudinal study conducted over 13 years, collected clinical data on college 
athletes and observed 98 concussions with 6.3% of the sample reporting persistent 
postconcussion symptoms, such as emotional instability, at 1-year follow-up (Mayers, 2013). 
Signs of cognitive impairment following a suspected concussion are typically revealed in 
neuropsychological assessments. Specifically, assessments measuring EF have revealed 
differences in performance among age-matched, healthy controls and those with a single 
concussion or multiple concussions (Collins et al., 1999). Elliott (2003) refers to EFs as complex 
cognitions required to solve novel problems, modify behavior when new information is 
presented, and the ability to generate strategies or sequencing of complex actions. According to 
other researchers, EFs concern goal-directed behavior, including behavioral regulation, working 
memory, planning and organizational skills, and self-monitoring (Stuss & Alexander, 2000). 
Given the sensitivity of neuropsychological testing, this form of assessment in conjunction with 
symptom reporting, seems appropriate for guiding postconcussion management (Maroon et al., 
2000). However, relying solely on neuropsychological measures may omit symptoms not 
captured using these assessments therefore a more holistic approach during assessment and 
treatment should be considered (Petchprapai & Winkelman, 2007). 
Concerning is data that suggests individuals’ reluctance to report symptoms of a 
concussion. A survey of over 1,500 high school athletes who self-reported a previous concussion 
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revealed that less than half reported their injury to medical staff (McCrea, Hammeke, Olsen, Leo, 
& Guskiewicz, 2004). Reasons for not reporting a suspected concussion included the perception 
that their injury was not very seriousness, fear of being replaced on the playing field, and a 
misunderstanding of probable symptoms (McCrea et al., 2004). Among participants who 
reported their suspected concussion to medical staff, nearly 80% were treated for concussion 
after confirming its diagnosis. In an attempt to increase athletic reporting of concussion 
symptoms, the CDC launched its Heads Up initiative in 2003. The CDC continues to offer 
materials and trainings on prevention, recognition, and response to concussion for parents, 
school and health care professionals, coaches and athletes. 
 Another group of individuals who are at an increased risk for concussion is military 
personnel. When compared to civilians, research indicates that active military populations are at 
an increased risk for concussion and TBI (Laker, 2011; Ommaya, Ommaya, Dannenberg, & 
Salazar, 1996; Warden, 2006). The source of the majority of mTBI and TBI cases among 
military personnel is attributed to blast-induced trauma (Mac Donald et al., 2011). Using the 
American Congress of Rehabilitation Medicine mTBI criteria, a group of researchers evaluated 
the proportion of soldiers in a Brigade Combat Team in Iraq who had at least one clinician-
confirmed deployment-acquired TBI. Approximately 23% of soldiers had mTBI, reported 
somatic and neuropsychiatric symptoms (e.g., irritability, memory loss), and were more likely to 
endorse symptoms at follow-up when compared to soldiers without a history of deployment-
related TBI (Terrio et al., 2009). Not surprising is the fact that soldiers who report a history of 
mTBI and who also lost consciousness during the injury, report higher rates of post-traumatic 
stress disorder (PTSD), depression, and physical health symptoms compared to other injuries 






important due to their increased risk for concussion and the greater rates of psychological 
conditions that follow head injury. Evidence supports PTSD and depression as mediators of the 
relationship between concussion and physical health problems among this population (Hoge et 
al., 2008). It is well understood that individuals’ physical and mental health are prone to decline 
by elongated periods of inactivity and improved by exercise (Stathopoulou, Powers, Berry, 
Smits, & Otto, 2006; Taylor, Sallis, & Needle, 1985). 
Postconcussive Symptoms Management 
Over the last two decades, research has contributed to the development of resources and 
diagnostic tools for immediate evaluation of concussion. In the majority of cases, concussions 
present with a wide variety of clinical signs and symptoms making it difficult to diagnose and 
treat. Symptoms are categorized into one of four domains including somatic (e.g., headache), 
cognitive (e.g., slowed processing speed), affective (e.g., anxiety), and sleep disturbances 
(Daneshvar, Nowinski, McKee, & Cantu, 2011). Certain PCS symptoms emerge at greater rates 
than others. Among athletes, for example, headaches have been reported in over 80% of cases, 
dizziness in 65% of cases, and confusion in over 55% of cases (Delaney et al., 2002; Guskiewicz 
et al., 2003; Guskiewicz, Weaver, Padua, & Garrett, 2000; McCrory, Ariens, & Berkovic, 2000).  
The field’s leading assessment for concussion diagnosis across all levels of sport is 
known as the Sports Concussion Assessment Tool, version 3 (SCAT3) (McCrory et al., 2013). 
The SCAT3 is one of several standardized tools available for assessing signs of a concussion 
among injured athletes. Once a concussion has been diagnosed, traditional management begins 
with physical and cognitive rest and continues until symptoms resolve. To assess this method of 
treatment, Moser et al. (2012) conducted an efficacy trial examining one week of rest for treating 
sports-related concussion among a sample of 49 high school and college athletes. Results 
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revealed improved performance scores using the ImPACT (Moser et al., 2012). The ImPACT 
assessment relies upon various cognitive tasks including attention, memory, processing speed, 
and reaction time (Covassin, Elbin III, Stiller-Ostrowski, & Kontos, 2009; Schatz, Pardini, 
Lovell, Collins, & Podell, 2006). As part of this battery, individuals complete the post-
concussion symptom scale (PCSS) (Lovell & Collins, 1998; Schatz et al., 2006). This scale 
assesses the degree of severity for cognitive, affective, somatic, and sleep symptoms of 
concussion (Kontos et al., 2012; Lovell et al., 2006). Failure to pass the ImPACT prior to 
returning to play suggests that an individual may be at an increased risk for delayed recovery or 
re-injury. Specifically, Carson et al. (2014) noted a relapse of symptoms occurring in nearly half 
of their sample (N=159) when athletes prematurely returned to play. However, continued 
physical and cognitive rest for longer than one week may subsequently lead to an increased risk 
in developing unhealthy behaviors such as social isolation (e.g., withheld from sport 
participation and contact with peers). Limited evidence exists regarding best practices for the 
treatment of symptoms lasting longer than two weeks. Seeing as though 14-36% of individuals 
with concussion report symptoms six months later and nearly 25% have reported to be 
symptomatic for several years following their injury (Cassidy et al., 2014), there is a need for 
new treatment protocols, which could be used to further understand the pathophysiology of 
concussion. The following describes four current modes of treatment that are often used for 
refractory postconcussion symptoms.  
Medication 
In addition to rest, caregivers often prescribe medication to manage symptoms associated 
with concussion. Kinnaman et al. (2013) reported that 89% of caregivers use medication to 






most often. Broglio and colleagues (2015) recently reported that neurostimulants (e.g., 
amantadine), tricyclic antidepressants (e.g., amitriptyline), and sleep medication (e.g., melatonin) 
were the primary prescriptions recommended to concussed patients by caregivers. Other 
available literature on medication treatment targets severe brain injury and comprises 
corticosteroids, antioxidants, and glutamate receptor antagonists (McCrory, 2001). According to 
the American Medical Society for Sports Medicine position statement (2013), any form of 
medication should be avoided within the first 10 hours to reduce risk of altering mental status. 
Many stimulants and antidepressants affect the central nervous system, making it difficult to 
separate neurological and cognitive symptoms from the effects of these medications (Harmon et 
al., 2013). As a result, no FDA-approved pharmacological treatment for concussion currently 
exists.  
Counseling 
Concussion and mTBI are conditions that have high rates of comorbidity with mood 
disorders (e.g., depression) and mental health conditions (e.g., anxiety), especially when there 
has been a history of receiving mental health treatment prior to sustaining a concussion or mTBI 
(Sandel, Reynolds, Cohen, Gillie, & Kontos, 2017). Psychotherapy has been demonstrated to be 
an effective form of treatment for many mental health conditions (Lambert & Bergin, 1994; 
Seligman, 1995) including personality disorders (Perry, Banon, & Ianni, 1999), depression 
(Elkin et al., 1989), and anxiety (Andrews, Cuijpers, Craske, McEvoy, & Titov, 2010). However, 
there are still too many gaps in the literature regarding the effectiveness of outpatient 
psychotherapy for concussion (Mittenberg, Canyock, Condit, & Patton, 2001). Individuals who 
have a history of mental health treatment are more likely to endorse concussion symptoms and 
experience prolonged recovery (Balasundaram, Athens, Schneiders, McCrory, & Sullivan, 2016; 
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Silverberg et al., 2015). Thus, it has been recommended that individuals with a history of mTBI 
be screened regularly for both anxiety and depression (Barker-Collo et al., 2018).  
According to the International Statistical Classification of Diseases and Related Health 
Problems, 10th edition (1992) (ICD-10), PCS refers to a collection of symptoms (e.g., headache, 
dizziness, fatigue, irritability, stress, memory impairment, etc.) that may be accompanied by 
feelings of depression or anxiety (Figure 1). Although the ICD-10 and Diagnostic and Statistical 
Manual of Mental Disorder, 4th Edition (DSM-IV) do not provide standard timelines for when 
symptoms are experienced, research indicates persistent symptoms anywhere from one to three 
months after the injury, with some lingering for several years (Mittenberg & Strauman, 2000). 
Therefore, it is important that pre-existing mental health conditions be screened in an attempt to 
differentiate persistent symptoms of concussion from symptoms associated with major 
depressive disorder (MDD) or generalized anxiety disorder. For example, one study observed 10 
patients for depression or PCS, and discovered at least five meeting diagnostic criteria for both 
conditions when using the DSM-IV and ICD-10 (Iverson, 2006). However, Kashluba and 
researchers (2006) evaluated the utility of ICD-10 diagnostic criteria for PCS and reported 
accurate classification at one-month follow-up for those participants who sustained mTBI vs. 
controls. Notably, these researchers reported that rather than depression and anxiety, fatiguing 
quickly and becoming dizzy could be used to differentiate the mTBI group from controls at 
follow-up (Kashluba et al., 2006).  
Among athletes, depression may set in after concussion due to loss of position on the 
team, lack of teammate support, and an unknown recovery timetable (Chen, Johnston, Petrides, 
& Ptito, 2008). In a study comparing athletes with and without prior concussions, Guskiewicz et 






with depression. Without structural imaging to detect hallmarks of MDD (e.g., volume loss in 
vmPFC, hippocampus, and amygdala (Rajkowska et al., 1999; Soares & Mann, 1997) or fMRI to 
detect abnormal functional connectivity within brain networks (Kaiser, Andrews-Hanna, Wager, 
& Pizzagalli, 2015), caregivers must rely on patient’s self-reported symptoms and medical 
history to provide best treatment practices. Over 80% of counselors primarily educate patients 
regarding PCS (Mittenberg & Burton, 1994). In a review conducted by Mittenberg et al. (2001), 
education, reassurance, and reattribution of symptoms to benign causes, were the three most 
common approaches for PCS counseling therapy. Often, counseling is recommended because 
sustaining the injury triggers expectations for symptoms such as forgetfulness, headache, 
difficulty concentrating, and anxiety. For instance, cognitive behavioral therapy (CBT) aims to 
reduce stress and promote coping skills after helping patients understand how PCS symptoms are 
maintained by anxiety and misinterpretation (Ferguson & Mittenberg, 1996). However, two 
systematic reviews of psychotherapeutic treatment, including CBT, for PCS revealed 
inconclusive evidence for its effectiveness with several methodological limitations pertaining to 
included studies (Al Sayegh, Sandford, & Carson, 2010; Bergersen, Halvorsen, Tryti, Taylor, & 
Olsen, 2017). 
Along with risk for the development of anxious and depressive symptoms, loss of self 
and identity ambiguity can be consequences of concussion. In addition to cognitive and physical 
impairment, concussion can result in negative changes to one’s self-image and damage 
interpersonal relationships (Landau & Hissett, 2008). Dissociate identity disorder is a psychiatric 
condition commonly observed following mTBI (Busch & Alpern, 1998; Mooney & Speed, 
2001). Regardless of the context in which the injury had been sustained (e.g., sport vs. vehicle 
accident), PCS symptoms frequently act as stressors and in turn, may contribute to this sense of 
 22 
loss of self. Familial relationships and social interactions are often broken due to new physical 
and emotional deficits experienced by the injured individual. Therefore, it is important that 
counseling following concussion includes family and other social relationships (Landau & 
Hissett, 2008). 
Hyperbaric Oxygen Therapy 
A less evidenced-based approach to concussion treatment is hyperbaric oxygen therapy 
(HBOT). This method requires use of a fully enclosed pressurized chamber where the ambient 
pressure oxygen is manipulated. Pressure is measured via atmospheres absolute (ATA) and is 
typically set at 1.5-2.0 ATA while oxygen is set at 100%. Rationale for HBOT stems from 
increased levels of oxygen in the blood and body tissues that can supply the energy needed for 
brain repair (Boussi-Gross et al., 2013; Calvert, Cahill, & Zhang, 2007; Niklas, Brock, Schober, 
Schulz, & Schneider, 2004; Reinert et al., 2003). An efficacy trial conducted by Harch and 
colleagues (2012) recruited a sample of 16 military personnel with blast-induced PCS and post-
traumatic stress disorder. The trial consisted of 40, 1.5 ATA (100% oxygen), 60-minute HBOT 
sessions. Post-treatment testing revealed significant improvement in working memory, 
inhibition, full-scale IQ, and reported symptoms (Harch et al., 2012). Although this trial revealed 
promising evidence of HBOT as effective for this population, there was no true control 
condition.  
In order to demonstrate the effect of HBOT on symptom reporting, Wolf et al. (2012) 
conducted a randomized prospective trial using 50 military service members with at least one 
mTBI. Here, researchers randomized participants into a 2.4 ATA HBOT condition or a sham-
controlled condition that used a chamber pressurized at 1.3 ATA for 30 sessions over eight 






ImPACT and Post-traumatic Disorder Check List-Military Version (PCL-M) at baseline and 6 
weeks post-intervention. At follow-up, both groups had improved PCL-M and ImPACT 
composite scores, however there were no significant differences between conditions (Wolf et al., 
2012). Due to inconsistent and inconclusive results like these, HBOT has yet to be considered a 
viable treatment for head injury. Additionally, there is concern for oxygen toxicity if ATA 
exceeds 2.0 with prolonged use (>100 sessions), which may result in seizure (Harch et al., 2012). 
In addition to health risks, the accessibility of HBOT vessels is limited to most individuals and 
may require hundreds of dollars for a single session.  
Aerobic Exercise Training 
 Regular engagement in aerobic exercise serves as a preventative form of behavioral 
medicine for many chronic health conditions including Type 2 diabetes (Knowler et al., 2002), 
atherosclerotic cardiovascular disease (Thompson et al., 2003), obesity (Wing & Hill, 2001), 
depression (Fox, 1999), and breast cancer (Breslow, Ballard-Barbash, Munoz, & Graubard, 
2001). Exercise refers to a subset of physical activity that is planned, structured, repetitive, and 
aims to improve or maintain physical health (Thompson et al., 2003). The American College of 
Sports Medicine (ACSM) recommends using the FITT principle when prescribing exercise 
(ACSM, 2013). FITT refers to frequency, intensity, time, and type of exercise (Moore, Durstine, 
Painter, & Medicine, 2016). Generally, there are three levels of intensity when prescribing 
exercise: mild, moderate, and vigorous. Physical activity guidelines for American adults suggest 
150 to 300 minutes of moderate-intensity aerobic physical activity each week (Piercy et al., 
2018; Haskell et al., 2007; Nelson et al., 2007). One particular study examined the 
cardioprotective benefits (e.g., greater HDL, reduced SBP) of varying exercise intensities and 
noted greater returns from vigorous activity when compared to moderate (Swain & Franklin, 
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2006). Cardiovascular exercise, or aerobic exercise, has been associated with cognitive 
improvements, specifically in working memory and attentional processes (Colcombe & Kramer, 
2003; Kramer, Hahn, Cohen et al., 1999). Associations with reductions in symptoms of anxiety 
(Petruzzello, Landers, Hatfield, Kubitz, & Salazar, 1991), depression (Babyak et al., 2000) and 
improved health-related quality of life among special populations, including obesity (Penedo & 
Dahn, 2005), cancer survivors (Rogers et al., 2015), and multiple sclerosis (Motl & McAuley, 
2014) have also been observed after continuous aerobic activity. Considering the relatively low 
risk and numerous health-related benefits of either supervised or unsupervised aerobic exercise 
training (Lowensteyn, Coupal, Zowall, & Grover, 2000), this method offers a cost-effective 
approach to intervention. 
Cognitive Outcomes 
Among adults, improvement in higher order processes of cognition (i.e., inhibitory 
control, cognitive flexibility, planning, and working memory) has been associated with physical 
activity intervention (Colcombe & Kramer, 2003; Colcombe et al., 2006; Hillman, Erickson, & 
Kramer, 2008). After at least six months of aerobic exercise training, several studies report 
increased brain volume in the hippocampus (Colcombe et al., 2006; Erickson et al., 2011; 
Weinstein et al., 2012). EEG recordings have been used to measure brain activity indicative of 
EFs such as task switching and attentional control. When examining error-related negativities 
(ERNs) during EEG activity, beneficial relationships between cardiorespiratory fitness and 
cognitive function have been observed. Specifically, individuals who are “high fit” according to 
graded exercise tests (>80th percentile), generated a lower ERN amplitude, which may be 
indicate of a more efficient neuroelectric system related to attentional control (Themanson & 






modest improvements in neurocognitive function following at least one month of aerobic activity 
(Smith et al., 2010). This evidence points to a maintenance effect among those who are healthy, 
whereas individuals with certain health conditions such as MCI, may have more to gain in 
regards to their cognitive deficits.  
Many persistent symptoms of concussion are reflective of those among individuals with 
cognitive impairment. Difficulty remembering objects or events, struggling to focus their 
attention, and their inability to switch between tasks successfully are all signs of cognitive 
impairment and markers of PCS. Baker et al (2010) employed a 6-month aerobic exercise 
program among 33 older adults with MCI and found significantly improved executive control 
processes of multitasking, cognitive flexibility, processing efficiency, and attentional control 
compared to a stretching control group. In terms of hippocampal size, six months of aerobic 
exercise training among 86 older women with probable MCI significantly increased left, right, 
and total hippocampal volume compared to a balance and toning control group (Ten Brinke et 
al., 2014). Anderson-Hanley et al (2018) recently conducted an RCT among MCI adults 
examining cognitive benefit from exergaming, a form of technology-driven physical activity. 
Results indicate an exercise dose dependent response in brain derived neurotrophic factor 
(BDNF) production as well as increased grey matter volume in the prefrontal cortex after six 
months of effortful exergaming compared to non-effortful virtual reality bike tours (Anderson-
Hanley et al., 2018). Additional support for exercise and cognitive training among MCI 
populations comes from a review of eight studies that revealed improvement in cognitive 
function and functional status following combined interventions (Law et al., 2014). It appears 
reasonable to suspect aerobic exercise training that stimulates cognitive processes such as 
exergaming (interacting with game features to meet a particular objective) produces even greater 
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cognitive benefits among clinical populations than traditional exercise interventions. Due to 
overlap in symptomology between MCI and persistent PCS, effects of aerobic exercise training 
on cognition and symptom exacerbation warrants further investigation. 
Although the pathogenesis of PCS is unknown, there are numerous reasons to examine 
the role of aerobic exercise in the postconcussive state. Among individuals with PCS or recurrent 
symptoms, focal cortical slowing within the frontal cortex may be associated with a more 
permeable blood-brain barrier and reduced regional CBF (Giza & Hovda, 2001; Korn, Golan, 
Melamed, Pascual-Marqui, & Friedman, 2005; Leddy, Kozlowski, Fung, Pendergast, & Willer, 
2007). CBF regulation plays an important role in brain function by delivering oxygen and 
glucose to neurons. Reduced CBF has been associated with cognitive impairment (Bertsch et al., 
2009; Kisler, Nelson, Montagne, & Zlokovic, 2017; Montagne et al., 2015). During aerobic 
activity, CBF increases in order to meet the metabolic demands of cerebral neuronal activity 
(Ogoh, 2008; Ogoh & Ainslie, 2009). Since CBF is altered following concussion (Lewelt, 
Jenkins, & Miller, 1980; Maugans, Farley, Altaye, Leach, & Cecil, 2012), aerobic exercise may 
stimulate and correct CBF regulation, thus reducing symptoms. This physiological state 
following concussion supports the notion for exercise as treatment. Specifically, alterations in 
CBF, heart rate, and circadian rhythms indicate dysfunction within the autonomic nervous 
system (Leddy et al., 2007; Willer & Leddy, 2006). Magnetic resonance imaging (MRI) and 
functional MRI (fMRI) have both been used to show a dysregulation of global CBF at rest in 
patients postconcussion (Maugans et al., 2012; McAllister et al., 1999; Meier et al., 2015). Thus, 
the regulation of CBF appears to play a critical role in the recovery of concussed individuals. 
Knowing CBF increases during aerobic bouts of exercise, this state of hyperoxia may help 






recently synthesized 6 studies (N=556) for evidence of exercise versus rest in patients with 
concussion or mTBI and revealed a statistically significant decrease in postconcussive 
symptoms. However, authors of this review admit to the poor quality of each study and point to 
the variation in frequency, duration, and intensity across trials. Many questions have yet to be 
answered in terms of the effectiveness of aerobic activity postconcussion and symptom recovery. 
Currently, there is very little evidence that has examined the role of structured physical activity 
in recovery from concussion, however researchers have suggested its potential efficacy in its 
treatment (Barbey et al., 2015). Further research warrants the utility of aerobic exercise to target 
lingering somatic, cognitive, affective, and sleep symptoms of concussion. 
A research lab from the University of Buffalo has begun to assess the efficacy of exercise 
as a form of treatment for PCS. Dr. John Leddy and his team developed a protocol that is used to 
reliably reveal physiological dysfunction in concussion and measure exercise capacity (Leddy, 
Hinds, Sirica, & Willer, 2016). The Buffalo Concussion Treadmill Test (BCTT) follows the 
standard Balke protocol until the first sign of symptom exacerbation (Leddy et al., 2010) and 
provides a standardized intensity level for future exercise (e.g., < 80% maximum heart rate). 
Building from this line of work, researchers have implemented several studies using exercise to 
treat PCS. Results from these trials have included a reduction in the number of experienced 
symptoms, increased time spent in moderate to vigorous exercise activity, and increased heart 
rate at follow-up (i.e., individuals were capable of exercising at a much greater intensity before 
experiencing any concussion-related symptoms) (Clausen et al., 2016; Gagnon, Grilli, Friedman, 
& Iverson, 2016; Leddy et al., 2013). This line of work appears promising in its treatment of 
persistent postconcussive symptoms. However, according to the latest consensus statement on 
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concussion in sport (McCrory et al., 2017), a multimodal approach is warranted considering the 
cognitive, physical, and behavioral outcomes associated with PCS. 
Computerized Cognitive Training 
Aside from somatic and affective symptoms of a concussion, two commonly reported 
cognitive consequences of concussion pertain to impairments in attention and memory (Lundin, 
de Boussard, Edman, & Borg, 2006; Malojcic, Mubrin, Coric, Susnic, & Spilich, 2008; Niogi et 
al., 2008). Resulting from concussion is damage to the brain’s white matter tracts. This damage 
is often referred to as diffuse axonal injury (DAI) and is theorized to be the underlying 
mechanism for executive and memory dysfunction (Gennarelli & Graham, 1998; Medana & 
Esiri, 2003; Niogi et al., 2008; Povlishock & Katz, 2005). In order to account for cognitive 
performance variation in attentional control and memory, Niogi and researchers (2008) measured 
white matter integrity using fractional anisotropy among healthy adults and adults with mTBI. 
Results indicate tract-specific variation in microstructural white matter integrity that account for 
these variations via multiple regression analyses (Niogi et al., 2008). This data suggest structural 
dissociation of attentional control and memory in mTBI that can be targeted during recovery. As 
a result, researchers and clinicians must monitor these symptoms separately and devise treatment 
plans that target attention and memory independently, rather than cognitive symptoms as one 
cluster. Among 17 adolescents with TBI, Séguin et al. (2017) conducted a randomized controlled 
trial to evaluate the feasibility of an intensive attention training program and revealed 
improvements in inhibitory control and cognitive flexibility as well as working memory. These 
findings provide positive support for process-specific cognitive training following brain injury. 
A recent approach to improving areas of core and higher order executive functions is 






long-term effects of computerized cognitive training interventions that target specific areas of 
executive functioning (Ball et al., 2002; Basak, Boot, Voss, & Kramer, 2008; Jaeggi, 
Buschkuehl, Jonides, & Shah, 2011; Willis et al., 2006). Also referred to as “brain training”, 
computerized cognitive training has been utilized across the lifespan yielding positive results 
(Ball et al., 2002; Dahlin et al., 2008; Diamond & Lee, 2011) as well as with clinical 
populations, such as those with Alzheimer’s disease (AD), MCI, and stroke. Sitzer, Twamley, 
and Jeste (2006), conducted a meta-analysis of cognitive training platforms in AD and revealed 
moderate effect sizes for learning, memory, executive functioning, and activities of daily living 
(average cognitive training period: 5.7 weeks). Moreover, restorative cognitive training rather 
than compensatory cognitive training, produced higher mean effect sizes (.54 and .36, 
respectively), suggesting the use of techniques that target repetition of previously learned skills 
(e.g., conversational skills) rather than teaching new skills such as mnemonics that are less likely 
to become habitual for those with more severe cognitive decline like AD (Sitzer et al., 2006).  
Similar to computerized cognitive training, serious games (i.e., enriched environment 
video games) consist of a rapidly growing field that uses entertainment to promote mental 
training with a computer in accordance with specific rules (Manera et al., 2017). At current, a 
limited body of evidence is available regarding the effectiveness of serious games among 
individuals with cognitive impairment (Manera et al., 2017). In 2013 McCallum and Boletsis 
conducted a review that found computerized cognitive games to be effective in improving 
attention and memory; however, little evidence exists for the efficacy of serious games designed 
specifically for people with mTBI. According to a review of serious games designed for 
neurodegenerative diseases conducted by Ben-Sadoun and colleagues (2018), there is a limited 
number of commercially available serious games designed for people with MCI or AD (MINWii, 
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Kitchen and Cooking, and X-Torp). Taking into consideration the novelty of serious games and 
limited scientific evidence for its effectiveness, computerized cognitive training offers greater 
variety in user experience and has evidence to support its use as an intervention tool among 
populations with cognitive impairment.  
Over the last two decades, researchers have attempted to validate the use of action video 
games for the promotion of cognitive health. Action video games share several themes amongst 
one another, which include having a fast pace, high degree of perceptual and motor load, 
attentional demands (e.g., switching between focused state and a more distributed state of 
attention), and a high degree of disorder and distraction (Bediou et al., 2018). The main subtype 
of action video games pertain to first- and third-person shooter games. At present, there is a 
mixed body of evidence to support the transfer of cognitive skills after playing action video 
games.  
To investigate the relationship between video game playing and cognitive ability, Sala, 
Tatlidil, and Gobet (2018) conducted a meta-analysis that yielded small or null effect sizes for 
correlations between video game skill and cognitive ability (k = 310), differences in cognition 
between video game players and non-players (k = 315), and the effects of video game training on 
cognitive ability (k = 359). However, a separate meta-analysis of action video games and their 
impact on cognitive abilities revealed an approximation of one-third of a standard deviation 
advantage across perception, spatial cognition, and attention in favor of habitual action video 
game players and non-players (Bediou et al., 2018). The latter meta-analysis specifically 
examined action video games (e.g., Halo) as opposed to the former’s inclusion of non-action 
video games (e.g., Tetris). This difference (action vs. non-action video games) may account for 






cognitive abilities with little evidence to suggest near transfer of specific cognition domains, 
whereas action video games generally target specific abilities that can be tested for near transfer 
(e.g., levels of selective attention). Other reasons for differences include underpowered effect 
sizes due to small samples, moderation analyses as opposed to robust variance estimations, and 
publication bias. Regardless of video game context, minimal evidence exists for skill 
generalization from one domain to different ones (i.e., far transfer) after playing video games 
(Sala et al., 2018).  
One other category of brain training is exergaming. Exergames are physically active 
video games that include cognitively challenging tasks (Stanmore, Stubbs, Vancampfort, de 
Bruin, & Firth, 2017). There is evidence to suggest the effectiveness of exergames on cognition 
among healthy and clinical populations. A meta-analysis of 17 RCTs conducted by Stanmore and 
colleagues (Stanmore et al., 2017) revealed a moderate effect size between exergaming and 
overall cognitive functioning among clinical and non-clinical populations (g = 0.436, 95% 
CI = 0.18–0.69, p = 0.001) when compared to control conditions. However, sample 
heterogeneity poses as a significant limitation of this analysis. Fall prevention and reduction are 
two common outcomes that are studied in the context of exergames. The Wii Fit system and its 
Wii Balance Board have been used as intervention tools for older, healthy adults as well as older 
adults with various disability conditions. Two reviews of exergame training interventions using 
balance boards revealed promising results for improvement in physical and cognitive fall risk 
factors (Goble, Cone, & Fling, 2014; Schoene, Valenzuela, Lord, & de Bruin, 2014). Future 
research may consider using balance board exergames as a means to improve fall prevention 
among individuals who experience balance deficits postconcussion. Although exergames tend to 
be more enjoyable than traditional exercise (Bailey & McInnis, 2011), sustaining a moderate 
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level of exercise intensity during play is difficult. Graves et al., (2010) compared treadmill 
exercise and active video gaming using energy expenditure (EE) and heart rate and found 
significantly lower (p < .001) EE and heart rate during active video game play. Among 
individuals recovering from postconcussive symptoms, it is important that a moderate level of 
exercise intensity be maintained; therefore, treadmill exercise in combination with computerized 
cognitive training rather than exergaming ought to yield optimal physiological and cognitive 
results.  
Recently, a pilot RCT employed a 6-week computerized cognitive training program 
among 47 older adults with MCI (Barnes et al., 2009). Here, participants used an adaptive 
cognitive training program designed to improve processing speed and working memory for 100 
minutes per day and observed favorable effect sizes for memory measures among those engaging 
in cognitive training (Barnes et al., 2009). Among stroke victims, computerized cognitive 
training has produced decreases in symptoms representing cognitive problems. A pilot study 
conducted by Westerberg et al. (2007) employed a five-week (n ≥ 20 sessions) computerized 
working memory training among 18 individuals previously treated for stroke. Changes measured 
at post-training follow-up indicated improvement in neuropsychological tests and perceived 
cognitive functioning among participants in the training group when compared to those in the 
passive control group (Westerberg et al., 2007).  
Carney and researchers (1999) conducted a systematic review that included 32 studies 
examining the effectiveness of cognitive rehabilitation for individuals with TBI. Findings 
pertained two RCTs that utilized specific forms of cognitive rehabilitation that reduced memory 
failures and anxiety. Though related and often used interchangeably in the literature, cognitive 






two such that cognitive training refers to guided practice on a set of standardized tasks designed 
to reflect specific cognitive functions (i.e., memory, attention, or problem solving), whereas 
cognitive rehabilitation focuses on improving everyday functioning and not necessarily cognitive 
tasks (Bahar-Fuchs, Clare, & Woods, 2013; Clare & Woods, 2004).  
Several systematic reviews of computerized cognitive training programs for individuals 
with MCI have yielded significant improvement in various neuropsychological and 
neurobehavioral outcomes. Jean et al. (2010) investigated the efficacy of 15 cognitive training 
programs and found significant improvements in nearly 50% of subjective measures assessing 
memory, quality of life, and mood. Studies included in this review comprised computerized 
cognitive training programs ranging between one session and as many as 60, with durations 
between 30 and 150 minutes per training (Jean et al., 2010). A second review examined 35 
studies that implemented cognitive training among healthy older adults and those with MCI. 
Results indicate effectiveness in improving memory, executive functioning, processing speed, 
attention, fluid intelligence, and subjective cognitive performance within most trials (Reijnders, 
van Heugten, & van Boxtel, 2013). Authors note limited evidence to suggest the effectiveness of 
cognitive training on untrained tasks (i.e., functional improvement in daily life situations) or 
overall cognitive functioning (Reijnders et al., 2013). To date, there is no evidence of the effects 
of a computerized cognitive training program on PCS, let alone one in conjunction with 
prescribed exercise. Since cognitive training has produced desirable improvements in areas of 
executive functioning among clinical populations that experience cognitive deficits similar to 
PCS (e.g., AD, MCI, stroke), a cognitive training intervention combined with physical activity 
may yield comparable – or even enhance – outcomes. Additionally, there is evidence to suggest 
that cognitive training should take place following exercise due to elevated levels of brain-
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derived neurotrophic factor (BDNF) and increased arousal, which is theorized to benefit 
cognitive task performance (Coles & Tomporowski, 2008). In animal models and in humans, 
exercise has been shown to increase BDNF in hippocampal subfields after acute bouts of 
exercise (Berchtold, Chinn, Chou, Kesslak, & Cotman, 2005; Cotman, Berchtold, & Christie, 
2007; Ferris, Williams, & Shen, 2007). It is theorized that cognitive training would increase 
cortical activity and functional connectivity between the hippocampus and frontal cortices 
(Simon et al., 2012), resulting in improved cognitive functioning. 
Over the last decade, increased attention has been given to interventions that incorporate 
multiple components based on the notion that two or more interventions (e.g., physical activity 
and CT) seem to be more effective in improving cognition within aging populations (Kraft, 
2012; Lauenroth, Ioannidis, & Teichmann, 2016; Law et al., 2014). Specifically, Bruderer-
Hofstetter and colleagues (2018) conducted a systematic review and meta-analysis on 
multicomponent interventions’ effectiveness on cognitive function among elderly people with 
and without MCI. Twelve effective multicomponent interventions were included, five of which 
yielded superior results in areas of cognitive function when compared to physical exercises 
and/or cognitive training alone (Bruderer-Hofstetter et al., 2018). Among participants with MCI, 
multicomponent interventions produced positive changes in global cognition, learning and 
memory, and complex attention and language, whereas participants with normal cognition 
experienced modest improvement in overall cognitive function (Bruderer-Hofstetter et al., 2018). 
In a non-randomized controlled trial involving those with MCI, Kato et al. (2017) assigned 
participants to one of four groups: (1) cognitive training, (2) physical exercise, (3) cognitive 
training and physical exercise, or (4) control with general health advice. Following 12 weeks of 






among those assigned to the combined intervention group (Kato et al., 2017). Here, participants 
engaged in as much as 40 minutes per session of physical exercise, cognitive training, or both, 
with multiple sessions occurring each week. No significant changes were observed in any other 
group. Generally, it is likely that individuals with a form of cognitive impairment have greater 
potential for improvement in specific areas of cognition such as learning and memory as opposed 
to individuals who experience normally aging cognition, absent of impairment. Considering the 
impaired cognitive presentation of individuals with mTBI, it is expected that similar cognitive 
gains would take place after participating in a multicomponent intervention that uses aerobic 
exercise and cognitive training.  
Social Cognitive Theory 
Self-regulatory skills are necessary in managing ongoing behaviors, thoughts, and 
emotions within specific contexts. As part of Albert Bandura’s social cognitive theory, 
individuals’ behaviors are motivated and regulated via mechanisms including social and 
environmental influences (Bandura, 1991). In turn, these contextual factors, behavioral 
experiences, and anticipated outcomes guide our self-efficacy in accomplishing given tasks. Self- 
efficacy beliefs are theorized to play a significant role in the initiation and maintenance of 
exercise behavior (Bandura, 1977, 1986). Notably, this component of social cognitive theory 
repeatedly shows a direct relationship with physical activity across the lifespan (McAuley, 1993; 
McAuley, Jerome, Elavsky, Marquez, & Ramsey, 2003; McAuley et al., 2007).  
According to a review conducted by Dzewaltowski and colleagues (1990), self-efficacy 
and self-evaluation of the behavior significantly predicts physical activity participation. More 
recently, Rhodes and Pfaeffli (2010) reviewed evidence from 22 trials examining predictors of 
physical activity change among non-clinical adult populations. Results indicate limited evidence 
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to suggest that self-efficacy and outcome expectations effectively change physical activity 
participation. Specifically, barrier self-efficacy was not a significant mediator of behavior 
change, however, task-specific self-efficacy was (Rhodes & Pfaeffli, 2010). A separate 
systematic review of 57 studies revealed that self-efficacy moderated an individual’s intent to 
become physically active (Rhodes & Dickau, 2012). Further investigation is needed in regards to 
the efficacy of self-management exercise programs designed to increase physical activity among 
individuals with acquired brain injury after a systematic review was unable to reveal any 
significant relationships (Jones, Dean, Hush, Dear, & Titov, 2015).    
Specific to SCT is triadic reciprocal causation (i.e., reciprocal determinism), which refers 
to the idea that its three core components – personal factors, behavior, and environmental factors 
– are interrelated and influence human behavior (Bandura, 1989). In the context of physical 
activity, each of these components determines an individual’s engagement in activity, and as a 
result, continually changes. For example, a child who establishes friendships (environmental 
factor) while playing sport is more likely to continue participating in that sport. Separating this 
theory’s components as they relate to physical activity is important for the delivery of effective 
intervention. A recent meta-analysis was unable to reveal direct effects between sociostructural 
factors (i.e., social support, impediments to behavior, and perceived environment) and physical 
activity, however overall, SCT constructs were able to explain nearly one-third of the variance in 
physical activity behavior among its 44 included studies (Young et al., 2014).  
Additional research is needed regarding the role of self-efficacy in returning to sport 
following head injury. Fear of reinjury is a psychological barrier that one must overcome during 
the recovery process following any type of injury. Typically, stage models have been used to 






appraisal model that considers individual differences in response to athletic injury. Ultimately, 
the interpretation (appraisal) of an injury is thought to affect behavioral outcomes (adherence to 
rehabilitation). Researchers have also examined correlations between intrinsic and extrinsic 
motivation that suggest an increase in worry and concern among those who were extrinsically 
motivated to return to sport following serious injury (Podlog & Eklund, 2005). Considered as a 
sociostructural factor in the social cognitive framework, motivation can be contextualized as 
either a facilitator or barrier to action (Bandura, 2001). Presenting as a perceived barrier to 
physical activity is an individual’s exercise motivation. Motivational levels may be influenced by 
fear of reinjury or the occurrence of concussive symptoms during exercise. Of the limited studies 
available, one used female gymnasts to identify sources of self-efficacy to overcome their fears 
of reinjury when returning to sport. Gymnasts relied on past performance experiences, and 
support from significant others including teammates and coaches as important sources of self-
efficacy (Chase, Magyar, & Drake, 2005). Just as practitioners provide individualized treatment 
for concussion based on age and gender, attention should be paid to the confidence one has in 
performing rehabilitation behaviors, such as exercise.  
Lautenschlager and colleagues (2008) recruited 138 participants with AD and 
administered an at-home physical activity (150 mins/week; moderate intensity) randomized 
controlled trial using components of social cognitive theory. Specifically, researchers created 
newsletters and manuals that contained information regarding exercise programs, rewards, goal 
setting strategies, time management skills, and overcoming barriers to exercise, and provided 
these to participants in the physical activity group. After 24 weeks, the usual care control group 
reported a reduction in confidence to perform exercise behaviors compared to an increase among 
participants in the intervention (Lautenschlager et al., 2008). Additionally, participants in the 
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physical activity group experienced significant improvement (p < .05) on the Alzheimer Disease 
Assessment Scale (ADAS-Cog) compared to the usual care group by study’s end 
(Lautenschlager et al., 2008). Here, increases in confidence to perform exercise behaviors and 
the belief that physical activity can slow the rate of cognitive decline, resulted in improved 
scores. 
Researchers have applied constructs of SCT to understand and explain computer use and 
skills. In 1995, Compeau and Higgins applied Bandura’s theory to a computer training 
intervention and only revealed partial support for a behavior modeling training program based on 
social cognitive theory. When considering an intervention that relies on computer-based tablets 
to deliver a CT program, it is important to understand individuals’ efficacy in performing the 
activity, but also their motivation and perceptions of the technology delivering the intervention.  
Technology Acceptance Model 
In the late 1980’s, Fred Davis developed the Technology Acceptance Model (TAM) in 
order to: (1) better understand the process by which a user accepts a new piece of technology, 
and (2) provide a practical model for designers and implementers to use when evaluating new 
technologies (Davis, 1985, 1989; Davis, Bagozzi, & Warshaw, 1989). It consists of perceived 
usefulness and perceived ease of use (i.e., cognitive response) and one’s attitude toward using 
the technology (i.e., affective response) (Figure 2). With the recent advancements in mobile 
technology, it is important that interventions utilizing handheld devices assess participants’ 
acceptance and usage of these technologies. Individuals’ cognitive response towards a device 
such as an iPad, or other tablet PC, aims to explain key dependent variables: attitude and intent 
(Venkatesh, 2000). Park and Pobil (2013) recently conducted a survey (N=511) examining users’ 






attitude was significantly determined by perceived usefulness and perceived ease of use (R2 = 
.63), with perceived usefulness having a direct effect on intention to use (β = .37, p < .001) (Park 
& del Pobil, 2013).  
Over a decade after the TAM was first proposed, it was expanded to include additional 
theoretical constructs including social and cognitive influence processes. Referred to as TAM2, 
Venkatesh and Davis (2000) collected data on four longitudinal studies that implemented new 
information systems and used regression analyses to extract main effects for social and cognitive 
influences on perceived usefulness. Subjective norms had the strongest effect on perceived 
usefulness at pre-implementation, and at one-month, two-month, and three-month follow-up 
(Venkatesh & Davis, 2000). Furthermore, subjective norms generated a significant direct effect 
on usage intentions more than perceived usefulness and perceived ease of use (Venkatesh & 
Davis, 2000).  
This model has since been applied to a number of special populations to better understand 
their intent and adoption of technology. One study employed a virtual reality training 
intervention designed to improve gait and balance among victims of stroke. Results indicate 
positive attitudes toward the usability of virtual reality and improvement in gait- and balance-
related physical performance measures (Wüest et al., 2014). Although these cognitive and 
affective responses are important in determining a behavioral response, one review suggests 
integrating TAM into a more comprehensive model or theory that includes additional variables 
related to behavior change processes (Legris, Ingham, & Collerette, 2003). Incorporating 
constructs of TAM and SCT into an intervention that utilizes physical activity and computerized 
cognitive training among individuals with PCS will aid in the explanation of its effectiveness and 
outcomes.  
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In regards to technology and more specifically, computerized cognitive training, 
individuals consider their playing behavior along a spectrum (i.e., novice – expert), which in 
turn, may predict their rate of acceptance and continued use. A survey from Pew Research 
Center (Duggan, 2015) examined men and women’s video game playing habits and revealed 
approximately 50% of men and 48% of women report playing video games, however men are 
more likely to identify as “gamers”. Here, video games were played on a computer, TV, game 
console, or portable device such as a smartphone. Considering the rates at which men and 
women report playing video games, utilizing a smartphone to deliver computerized cognitive 
training games appears favorable regardless of each gender’s identity towards video games. In 
addition to identity, researchers also found that over 60% of men and women report that at least 
“some video games help develop good problem solving skills” and nearly 50% believe that at 
least “some video games promote teamwork and communication” (Duggan, 2015). It appears 
that most adult video gamers find value in this behavior and its translation to other aspects of 
their life. 
Social Cognitive Neuroscience Framework 
Due to the neurophysiological underpinnings of a concussion and in the event of chronic 
symptoms, a third theoretical framework can be applied to better understand individuals’ rate of 
recovery. Social cognitive neuroscience entails an interdisciplinary field consisting of cognitive 
neuroscience and theories from various social sciences, mainly social psychology (Lieberman, 
2007). As is the case within SCT, self-regulation has received a great deal of attention within the 
social cognitive neuroscience literature. Here, self-regulation is comprised of intentional 
behaviors and unintentional behaviors. Intentional self-regulation refers to impulse control where 






maintaining a current goal in working memory and employing top-down control processes to 
produce an appropriate response or impulsive behavior (Aron, Robbins, & Poldrack, 2004; 
Lieberman, 2007). Unintentional self-regulation can be applied to the negative affect often 
observed among individuals with persistent postconcussive symptoms. A reduction in amygdala 
activity has been observed after labeling emotionally evocative visual images with labels 
suggesting that affect labeling, or putting feelings into words, is an effective strategy for 
regulating emotional responses (Hariri, Bookheimer, & Mazziotta, 2000; Torre & Lieberman, 
2018). Whether or not the individual is aware of this tactic in regulating their emotional 
response, the pattern of cortical activity is representative of patterns observed during reappraisal 
processes, indicating self-regulation to occur despite the absence of intention to self-regulate 
(Lieberman, 2007). Sometimes, postconcussive anxiety is attributed to feelings of uncertainty or 
psychological distress with outbursts and the inability to regulate emotional responses 
(Mainwaring, 2011). In this case, it is important that those experiencing prolonged symptoms 
reattribute their anxiety and depression to the injury itself. Recognizing these symptoms and 
educating those individuals about their symptoms is one of the primary goals for clinical 
management of concussion. 
The social cognitive neuroscience framework has also been used to predict physical 
activity self-regulation. Hall et al. (2008) used this approach to identify cognitive domains that 
explain goal-directed behaviors and planning among successful and unsuccessful self-regulators.  
Using fMRI data recorded during the Stroop task, researchers detected differences in the 
recruitment of cognitive resources, such that unsuccessful self-regulators had increased 
activation in the anterior cingulate and orbitofrontal cortex and successful self-regulators had 
increased activation in the dlPFC. As previously noted the dlPFC is required for higher-order 
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executive functions such as goal-directed behavior and planning. This further supports the 
underlying neural processes responsible for self-regulation. Among individuals with PCS, it is 
important to have this neurophysiological understanding of cognitive impairment since these 
areas of cognition are often impaired following head injury. 
Activity and Concussion Experience Survey 
Before conducting a physical activity randomized controlled trial among individuals with 
persistent postconcussive symptoms, it is important to have an understanding of this population’s 
knowledge, personal beliefs, and self-efficacy toward exercise and cognitive training. Using 
components of the three previously discussed theoretical frameworks, the Activity and 
Concussion Experience Survey (ACES) was developed. This 200-item survey was carried out in 
order to increase our understanding of concussion etiology and participants’ perceptions and 
willingness to engage in alternative and non-traditional forms of treatment. Analyses (N=1180) 
suggest positive perceptions toward exercise as a modality for facilitating rehabilitation and 
psychological profiles following concussion. Additionally, data indicate that individuals’ would 
be confident in their ability to engage in exercise even when postconcussion symptoms have not 
completely resolved (adapted from McAuley’s 1993, Exercise Self-Efficacy Scale). Research 
investigating perceptions toward exercise among head injury populations is limited. To date, 
only one study has reported data on participants’ physical activity self-efficacy after activity had 
been resumed for eight weeks postinjury (Isabelle Gagnon, Swaine, Friedman, & Forget, 2005). 
Gagnon et al. revealed lower scores for children with mild traumatic brain injury (mTBI) 
compared to noninjured controls. Since this study’s findings pertain to children, it is appropriate 






Finally, nearly 25% of ACES participants reported a history of at least one concussion 
(N=291; 79.4% received diagnosis). Of these participants, close to 30% experienced symptoms 
that lasted longer than one month postinjury (N=85) with 25% and 18% reporting decreases in 
their physical activity and quality of life since the concussion, respectively. Ten items assessed 
participants’ knowledge and awareness of concussion and its symptoms. The majority of 
participants understood that concussion is a type of traumatic brain injury that does not require 
loss in consciousness. Almost 70% of participants believed concussion would show abnormality 
on neuroimaging scans such as MRIs. Additionally, most respondents were unfamiliar with rates 
of PCS. An average composite score for concussion knowledge revealed approximately 75% of 
the sample to answer at least five of the 10 items correctly. When prompted to report 
engagement in various types of treatment for their concussion, nearly 20% participated in some 
form of brain training application delivered via their phone, computer-based tablet, or computer. 
Participants were then asked to rate their perceived level of treatment effectiveness on a scale of 
1 to 5 (1=Not at all effective, 2=Somewhat effective, 3=Effective, 4=Very effective, 5=Completely 
effective). For brain training apps, 90% of the sample reported these to be at least somewhat 
effective. Furthermore, approximately 40% of individuals engaged in some form of moderate 
aerobic exercise in order to treat symptoms of their head injury, with over 90% reporting this 
activity to be at least somewhat effective. In regards to exercise self-efficacy, significant 
differences were observed between respondents with a history of concussion and those without. 
Individuals with a reported history of concussion were more confident in their ability to engage 
in 40 minutes or more of exercise over the next month. These data provide promising evidence to 
conduct an investigation utilizing physical activity and CT components for individuals with 
persistent symptoms of head injury.   
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Summary 
 An aerobic exercise and cognitive training intervention for individuals who have 
sustained a concussion and continue to experience symptoms is significant. The previous 
information highlights the prevalence, management, and consequences of concussion as well as 
social cognitive constructs and components of the technology acceptance model that would be 
incorporated into a physical activity and cognitive training trial. The commercialization of 
computer-based tablets justifies their practical use to deliver a cognitive training intervention in 
combination with exercise. Gaps in the current literature merit investigation of a novel 
rehabilitation program. Preliminary analyses from ACES justify recruitment from this population 
and propose methods to conduct an exercise and cognitive training intervention aiming to reduce 


















CHAPTER III: METHODS 
Individuals who reported at least three symptoms of concussion (i.e., headache, dizziness, 
fatigue, memory impairment) for a minimum of 14 days following the incident were recruited 
primarily from the Urbana-Champaign area. Participants were required to be 18 years of age. 
Methods of recruitment consisted of flyer advertisements, emails, and engagements on campus 
as well as within the community (e.g., Student Veterans Lounge, Chez Center for Wounded 
Veterans in Higher Education, and the Veterans of Foreign Wars establishment). The study was 
advertised as an opportunity for individuals experiencing persistent or chronic symptoms of a 
concussion, mTBI, or head injury to participate in a free, exercise-based health program and 
contribute to our understanding of concussion. Respondents had the option to complete an initial 
interest survey (online) or contact the Exercise, Technology, and Cognition Laboratory via phone 
or email. All respondents were screened for study eligibility (concussion history, symptoms, 
physical activity levels, etc.). Medical clearance was required for participants to engage in the 
exercise intervention. As incentive for participation, participants who completed all assessments 
at baseline and follow-up were given $30.00. A total of 34 participants were randomized. A 
breakdown of demographic characteristics as well as symptoms can be found in Table 1.  
Inclusionary/Exclusionary Criteria  
Study eligibility requirements included a history of at least one concussion, mTBI, or head 
injury as well as a minimum age of 18 years at time of injury. Participants were to have the 
ability to exercise at moderate to vigorous activity levels (defined as 50-75% of the age-predicted 
maximum heart rate (HR), or as “working up a sweat during aerobic activity”), access to exercise 
equipment, and access to a smartphone with a data plan that could accommodate an application 
no greater than 75 megabytes in size. Specific exclusionary criteria included:  
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§ History of severe TBI marked by loss of consciousness >30 minutes. 
§ Experiencing less than three chronic symptoms, <14 days since injury. 
§ Active involvement in another physical activity study or form of treatment specific to 
their concussion or mTBI. 
§ Participation in physical activity for most days per week for the previous three months. 
§ Being a regular user of brain training games on mobile device or personal computer 
(defined as more than one hour per week). 
§ Inefficient data storage on mobile device to download application. 
§ Diagnosis of mental health condition (major depressive disorder, generalized anxiety 
disorder, posttraumatic stress disorder). 
§ Not willing to provide contact information of an individual who could attest to the 
participant’s reported symptoms if concussion or mTBI was not medically diagnosed. 
§ No access to a treadmill to complete unsupervised exercise sessions. 
§ Involvement in pending litigation.  
Injury Context 
 The manner in which the individual sustained their concussion(s) was assessed, however 
these reasons did not exclude adults from participation in the study. Post-concussive treatment 
involving physical activity and smartphone-based cognitive training has not been conducted 
within this population, and chronically reported symptoms are comparable across sub-
populations (headaches, memory deficit), regardless of the cause or origin of injury. Therefore, 
participants who had received a medically confirmed diagnosis of concussion or mTBI were 






receive a confirmed diagnosis, they were asked to provide the contact information of a person 
(e.g., parent, significant other, or roommate) who could verify their reported symptoms.  
Experimental Design 
The present study was registered as a clinical trial (ClinicalTrials.gov ID: 
NCT03674398). The study design was a 2-armed, lab and home-based randomized controlled 
aerobic exercise trial developed for individuals with persistent symptoms of concussion or 
mTBI. The study consisted of a 4-week exercise program. Assessments were conducted at 
baseline and at follow-up, which was approximately four weeks after their baseline appointment. 
The first week of the study took place in a lab setting with the subsequent three weeks taking 
place at home. A block-order random number generator was used to randomize participants into 
one of three groups. Two groups received a targeted aerobic exercise intervention, while a third 
group served as a passive control condition. One of the two aerobic exercise intervention groups 
completed a post-exercise cognitive training program for 20 minutes at each session. The other 
aerobic exercise group viewed post-exercise videos for 20 minutes at each session. The control 
group completed baseline and follow-up assessments and was told to continue their normal 
pattern of behavior between baseline and follow-up testing. Additionally, postconcussion 
symptoms were assessed at each lab and home-based session in both aerobic exercise groups.  
Exercise and Cognitive Training Group 
 Participants in the exercise and cognitive training group engaged in post-exercise “brain 
training” using a commercially available mobile application called, Brain HQ™. Three different 
modules, or “games” were selected for each cognitive domain, which included attention, 
memory, and processing speed. The attention domain included Divided Attention, Double 
Decision, and Target Tracker. Divided Attention required participants to focus in on and react to 
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particular details such as matching colors and shapes while dismissing competing information. 
Double Decision had participants focus their attention on a task in the middle of the screen where 
they choose which of two cars they saw after one briefly appeared in the middle of the screen. In 
addition to deciding which car was shown, participants also have to pay attention to the 
peripheral location of a Route 66 sign and match its location after selecting the correct car. 
Target Tracker required participants to focus on three to four target objects that moved around on 
the screen among many “distractor” objects. When the objects stopped moving after several 
seconds, participants were to select the target objects.  
The memory domain included Memory Grid, Scene Crasher, and To-Do List Training as 
its modules. Memory Grid required participants to match cards representing syllables together 
that represented common sound combinations in English. Screen Crasher challenged participants 
to hold details of a scene in their working memory after seeing several items flash on the screen 
and then disappear. Items then reappeared on the screen with one additional item. Participants 
were to select the item that did not belong in the original scene. To-Do List Training required 
participants to listen to a set of instructions and then follow those instructions by selecting the 
appropriate objects that were used in the list. 
The three modules that comprised processing speed included Eye for Detail, Hawk Eye, 
and Visual Sweeps. Eye for Detail exercised participants’ ability to make saccades quickly and 
notice subtle details by identifying the identical images among the group of images that briefly 
appeared. Hawk Eye challenged participants’ visual precision by asking them to locate specific 
birds in their peripheral vision when appearing on the screen for a very short period of time. 
Visual Sweeps required participants to watch two spatial frequency sweeps (movement of bars) 






approximately 2-4 minutes during each session. Progress was recorded using the number of 
levels completed.   
Exercise and Videos Group 
 Participants in the exercise and videos group watched the PBS Frontline documentary 
titled, “League of Denial: The NFL Concussion Crisis”, as well as the History channel’s 
documentary titled, “The Extraordinary Genius of Albert Einstein”. Both of these documentaries 
were viewed using participants’ smartphones and were selected in order to keep their attention 
sustained for 20 minutes following their exercise session. Participants reported their level of 
engagement using a 10-point Likert scale (1 = Not at all engaged, 5 = Somewhat engaged, 10 = 
Completely engaged) after each session. 
Exercise Prescription  
The first week of exercise consisted of three separate sessions that were completed in a 
laboratory setting under the supervision of trained research staff. Participants engaged in 30-
minute bouts of aerobic exercise, which were completed on a treadmill. As a measure of 
intensity and to make sure participants remained within their target zone, HR was measured 
every five minutes throughout exercise. Considering what has previously been determined as a 
safe, age-predicted maximum HR within this population (75% age-predicted max HR; 
Kozlowski et al., 2013), participants aimed to keep their HR within a modified moderate range, 
which was 50 – 75% of their 75% age-predicted max HR. A 2-minute cool-down took place at 
the end of every session. Participants continued this exercise prescription (3x/week for 30 
minutes) for the following three weeks on their own. Paper logs were provided to all participants 
so they could record their HR and treadmill speed (miles per hour) for each session. Each 
participant had their target HR zone pre-recorded on their paper logs (weeks 2-4) and were 
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instructed to remain within this range while exercising. If participants noticed their HR was 10 
beats per minute or higher, they were instructed to reduce the treadmill speed by ½ mph and 
reassess their HR at the next 5-minute mark. A weekly HR average was computed using all three 
sessions by averaging HR recordings across each session (recorded at the 5th minute, 10th minute, 
15th minute, 20th minute, 25th minute, and 30th minute). Participants were allowed to exercise at 
any site (e.g., local fitness facility, home gym, etc.) as long as the aerobic training was completed 
on a treadmill (access to a treadmill was confirmed during screening). All participants 
downloaded a free, smartphone application to assess HR during unsupervised sessions.  
Primary and Secondary Aims 
The primary aim of this study was to reduce the severity of postconcussion symptoms 
following four weeks of aerobic exercise and cognitive training using the Rivermead 
Postconcussion Symptoms Questionnaire (RPQ). It was hypothesized that participants in the 
aerobic exercise and cognitive training would report a significantly greater reduction in the 
severity of postconcussion symptoms compared to those in the other two groups. Secondary aims 
of this trial pertained to performance on measures of cognitive functioning across groups. It was 
hypothesized that participants receiving the cognitive training program would reveal 
significantly greater improvement in attentional control and working memory using established 
cognitive assessments. 
Procedures 
 An outline of study procedures can be found Figure 3. Prospective participants were 
directed to an online initial interest survey where they responded to items that would help 
determine their eligibility (concussion or mTBI history, timeframe, number of symptoms, etc.). 






Individuals were then screened by telephone for all qualifying criteria, which also included an 
explanation of the study and participation requirements. Those who passed screening (meeting 
all inclusionary criteria) and were still interested in participating, subsequently scheduled their 
baseline testing appointment and received a copy of the informed consent document (either via 
mail or in-person at their first appointment). Once informed consent was retrieved, participants 
received a link for their baseline psychosocial questionnaire. At each participant’s one-hour 
baseline testing appointment, anthropometric measures were collected along with the NIH 
Toolbox – Cognitive Battery (NIHTB-CB) followed by a brief functional fitness assessment and 
the RPQ. The same battery of tests and questionnaire was completed at follow-up. All baseline 
and follow-up testing took place in a quiet, well-lit room in the Center for Wounded Veterans.  
 This was a consecutive series sampling whereby each individual was randomized to one 
of three groups upon completion of baseline testing. Participants’ group assignment was 
determined using a block-order, random number generator. Among participants randomized to 
one of the two exercise groups, three in-lab sessions were scheduled over the course of one 
week. Here, trained research assistants conducted the aerobic exercise training for 30 
minutes/session, administered the RPQ, and assisted with the delivery of the post-exercise 
activity (cognitive training or video watching). Among those in the cognitive training group, 
Brain HQ™ was downloaded onto participants’ smartphones at their first session. Nine different 
cognitive training exercises were implemented via Brain HQ™. These exercises targeted areas of 
attention, working memory, and processing speed. Cognitive training games were played for 20 
minutes each time. Among those in the video group, a link was provided to view a series of 
health-related videos. This activity was completed for 20 minutes each time. At the conclusion of 
the third session, participants downloaded a HR monitor application onto their smartphone and 
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were instructed to continue monitoring their HR every five minutes during the unsupervised 
portion of exercise training. Paper logs were provided to participants to track their engagement in 
exercise and cognitive training exercises or videos. Copies of the RPQ were also given to 
participants in order to record their symptoms after each exercise session. Participants scheduled 
their unsupervised sessions using a calendar with research assistants that included days and times 
in which they would complete their exercise sessions. A copy of this calendar was given to each 
participant.  
 In the third week of the study, participants were contacted to schedule their follow-up 
testing appointment. Participants were instructed to return their unsupervised exercise session 
data logs and RPQ sheets at their follow-up appointment. The same procedures completed at 
baseline were carried out at follow-up in terms of testing. Participants in the aerobic exercise and 
cognitive training group completed an additional survey pertaining to Brain HQ’s™ use and ease 
of use. Once follow-up testing procedures were complete, participants were provided $30.00. 
Measures 
Demographics. Participants completed a basic demographics inventory including age, 
gender, education, race and ethnicity, marital status, military status, and other relevant 
information. 
Sport Participation and Concussion History. Each participant completed items that 
pertained to sport participation and concussion history (Appendix A). Participants responded to 
questions about sport participation as a child as well as within the previous 12 months. 
Additional sport-related participation items referred to frequency of play and level of 
competition. Participants provided the number of diagnosed and undiagnosed concussions they 






that had passed since their injury as well as their perceived confidence in recognizing concussion 
symptoms. 
Biometric Measures. Height and weight were measured using a Seca digital scale and 
height rod at baseline and follow-up. Body mass index and body fat percentage were calculated 
using an Omron portable body fat analyzer. Resting blood pressure and HR were also assessed at 
both testing time points. Throughout each supervised aerobic exercise session HR was monitored 
using a fingertip oximeter device. During the unsupervised portion of exercise training, 
participants used a smartphone application to monitor HR. These mobile applications use the 
same technology as an oximeter to detect fingertip pulse by using the smartphone’s built-in 
camera to track color changes on the fingertip that are directly linked to one’s pulse. 	
Postconcussion Symptoms 
In clinical settings, persistent concussive symptoms are assessed using diagnostic criteria 
for Postconcussional Disorder according to the Diagnostic and Statistical Manual of Mental 
Disorders (DSM), or Postconcussional Syndrome according to the International Statistical 
Classification of Diseases and Related Health Problems (ICD). However, due to inconsistencies 
in diagnostic criteria across formats (e.g., DSM requires significant cerebral concussion marked 
by a loss of consciousness), previous studies have employed symptom checklists rather than 
uniform criteria-based diagnoses (McCauley et al., 2008).  
Rivermead Post Concussion Symptoms Questionnaire. The Rivermead Post 
Concussion Symptoms Questionnaire (RPQ) was administered to assess the severity of 
postconcussion symptoms. Participants were asked to rate the degree to which 16 commonly 
reported symptoms present as more of a problem compared to before the injury occurred, using 
values 0 to 4 (0 = Not experienced at all, 1 = No more of a problem, 2 = A mild problem, 3 = A 
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moderate problem, 4 = A severe problem). Items examine cognitive, somatic, and emotional 
symptoms concussed patients may experience following their injury. The first three items of the 
RPQ were assessed on their own, forming the RPQ-3. These items have shown good overall and 
individual item fit to the Rasch model, which supported the summation of these items as a three-
item scale (Eyres, Carey, Gilworth, Neumann, & Tennant, 2005). Similarly, the remaining 13 
items (RPQ-13) have shown good overall fit to the Rasch model suggesting the summation of 
these items on their own (Eyres et al., 2005). In the present study, the test-retest correlation for 
the RPQ-3 from baseline to follow-up was r = .59 and the test-retest correlation for the RPQ-13 
from baseline to follow-up was r = .40. 
Neuropsychological Measures 
Using standardized administration and scoring procedures, neurocognitive functioning 
was assessed using a modified version of the NIH Toolbox Cognition Battery (NIHTB-CB). The 
NIHTB-CB was delivered in a quiet, lab-space setting in order to reduce any distractions. 
Additionally, the Trail Making Test Part A (TMT-A) and Part B (TMT-B) were administered at 
baseline and follow-up. 
Flanker Inhibitory Control and Attention. Participants completed 20 trials of the 
Flanker Inhibitory Control and Attention task. Here, participants were instructed to focus on a set 
of five congruent arrows (à à à à à) or incongruent arrows (à à ß à à) and respond to 
the direction of the middle arrow using the iPad touchscreen. A “home base” was used to 
standardize participants’ starting location prior to their response. This task assessed inhibitional 
attention, or the ability to focus on relevant stimuli and ignore irrelevant stimuli, or “flankers”. 
The Flanker task produced three scores: reaction time, accuracy, and a composite score. The 






accuracy and was therefore used as each participant’s overall indicator of performance. Greater 
composite scores reflect better overall performance. Composite scores were used to examine pre- 
and post-intervention change. In this study, the test-retest for Flanker from baseline to follow-up 
was r = .43. 
Dimensional Change Card Sort. Participants completed 20 trials of the Dimensional 
Change Card Sort task by responding to pictures presented on the iPad based on two dimensions, 
color and shape. The dimension for sorting was indicated by a cue word (shape or color) 
presented on the screen. Participants were required to match (sort) according to shape or color by 
touching the target stimulus that matched the test stimulus on the relevant dimension. This is a 
measure of attention and cognitive flexibility. Participants were instructed to respond on the iPad 
as quickly as possible while using the home base as a starting point. Reaction time, accuracy, and 
a composite score were generated. Greater composite scores indicated better performance and 
were used to examine pre- and post-intervention change. Test-retest reliability for the 
Dimensional Change Card Sort was r = .62.    
List Sorting Working Memory. The first portion of the List Sorting Working Memory 
test presented participants with a series of illustrated pictures along with a recording of the name 
of the object where participants were to recall the sequence in size order, smallest to largest. The 
second testing portion required participants to recall the size order and categorize items based on 
item type. Participants were to recall food items in size order first, followed by animal items. 
Performance on this task was measured by summing a total score of correct items across both 
portions of the test. Test-retest reliability for List Sorting from baseline to follow-up was r = .65.    
Pattern Comparison Processing Speed Test. Participants completed the Pattern 
Comparison Processing Speed Test by discerning whether two side-by-side pictures were the 
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same or not by making a “Yes” or “No” decision. Simple pictures were used to purely measure 
processing speed. Participants had 90 seconds to respond to as many trials as possible. A 
composite score of total number of correct responses at each time point was computed to assess 
change. Test-retest reliability for Pattern Comparison form baseline to follow-up was r = .56.    
Trail-Making Test. Participants completed two versions of the Trail-Making Test 
(TMT). Part A required participants to sequentially trace a line connecting 25 numbers (1-25) on 
a piece of paper as quickly as possible, without removing their pencil from the page. Though 
visual tracking is required for completion, this is also an attention task via rapid visual 
information processing. Historically, this measure has been used among populations with 
suspected brain injury and was validated using persons with clinically evident brain damage 
(Reitan, 1958). The amount of time required to complete the task was used, whereby shorter 
durations indicated better performance. Participants also completed the TMT-Part B by 
sequentially tracing a line connecting numbers (1-13) and alphabet letters (A-L) in alternating 
fashion (1-A-2-B, etc.) as quickly as possible without removing their pencil from the page. Like 
Part A, this version required rapid visual information processing as well as a cognitive flexibility 
component (Sanchez-Cubillo et al., 2009) since individuals must retain their previous letter or 
number to accurately execute the alpha-numeric sequence. Again, shorter durations of task 
completion indicated a more favorable score. Test-retest reliability for TMT-A and TMT-B from 
baseline to follow-up was r = .58 and .77, respectively.  
Psychosocial Assessments 
Anxiety and Depression. The Hospital Anxiety and Depression Scale (Zigmond & 
Smith, 1983) was used to assess anxiety and depression and has been validated in clinical 






compute an anxiety score and seven items are used to compute a depression score. Test-retest 
reliability for the anxiety and depression subscales was .59 and .61, respectively.  
Physical Activity Self-Regulation. The 12-item Physical Activity Self-Regulation Scale 
(PASR-12; Umstattd et al., 2009) assessed self-regulatory strategy use in the context of physical 
activity. Participants responded to each item (e.g., “I mentally keep track of my physical 
activities”) using a 5-point Likert scale (1 = Never, 2 = Rarely, 3 = Sometimes, 4 = Often, 5 = 
Very Often). Among older adults (M = 66.44), significant direct effects of self-regulation 
measured via the PASR-12 on self-efficacy have been observed as well as an indirect effect from 
self-regulation to physical activity adherence through self-efficacy (McAuley et al., 2011a). An 
average composite score was calculated by averaging responses across all 12 items. The PASR-
12 test-reliability was r = .62.     
Physical Activity Self-efficacy. The 13-item Barriers Self-Efficacy Scale was 
administered at baseline to assess participants’ perceived capabilities to exercise three times per 
week over the next month when confronted by different obstacles such as bad weather or the 
absence of an exercise partner. Participants responded to each item using a 0-100% confidence 
scale in 10% increments. Based on the work of Mullen et al. (2013), an abbreviated 4-item 
version that reflects participants’ confidence to self-regulate in the face of actual barriers, 
including exercising regularly during bad weather, while on vacation, without encouragement, 
and when under personal stress. Scores were then summed and divided by four giving a possible 
range of 0-100%. The Barriers Self-Efficacy Scale was administered at baseline only. 
Mindfulness and Attention. Mindfulness and attention were assessed using the Mindful 
Attention and Awareness Scale (MAAS), which consists of 15 items that are averaged to create a 
composite variable with higher scores reflecting greater levels of mindfulness. (Brown & Ryan, 
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2003) Each item was answered using a 6-point Likert scale (1 = Almost Always, 2 = Very 
Frequently, 3 = Somewhat Frequently, 4 = Somewhat Infrequently, 5 = Very Infrequently, 6 = 
Almost Never). An example item is, “I find it difficult to stay focused on what’s happening in 
the present.” The MAAS scored a .62 for test-retest reliability in this sample.  
Perceptions of Memory. Perceptions of memory were assessed using the Multifactorial 
Memory Questionnaire (MMQ). Troyer and Rich (2002) created the MMQ, which assesses three 
dimensions of memory including overall contentment or satisfaction with one’s memory ability 
(MMQ-C), perception of everyday memory ability (MMQ-A), and strategies and aids that 
individuals use every day (MMQ-S). The MMQ-C contains 21 items assessing a wide range of 
emotions and perceptions that individuals may have about their current memory ability. An 
example item is, “There is something seriously wrong with my memory.” A 5-point Likert scale 
is used to respond to each item (0 = Strongly Agree, 1 = Agree, 2 = Undecided, 3 = Disagree, 4 = 
Strongly Disagree). A composite score was summed across all items, with higher scores 
indicating greater contentment. The test-retest reliability for MMQ-C in this sample was r = .48. 
The MMQ-A includes 20 items that pertain to individuals’ memory for everyday activities (e.g., 
“How often do you not recall the name of someone you just met?”). Items are phrased as 
memory failures. Participants use a 5-point Likert scale to answer each item (0 = All the time, 1 
= Often, 2 = Sometimes, 3 = Rarely, 4 = Never). A composite score was calculated by summing 
responses to all 20 items. Higher scores indicate better subjective memory ability. Test-retest 
reliability for MMQ-A was r = .75. Finally, the MMQ-S contains 19 items describing various 
memory aids and strategies applicable to everyday memory tasks, such as creating acronyms to 
remember a list of items. Participants responded to each item using a 5-point Likert scale (0 = 






which each strategy was used over the last two weeks. After summing all item responses, a 
composite score with a higher value indicates frequent use of memory aids. Test-retest reliability 
for MMQ-S was r = .83. 
 Mental Fatigue. Participants responded to a novel inventory referred to as the Perceived 
Mental Fatigue Questionnaire (PMFQ), which was informed by established measures 
(Beurskens et al., 2000; Johansson, Starmark, Berglund, Rodholm, & Ronnback, 2010; Wood, 
Bentall, Gopfert, & Edwards, 1991). The PMFQ contains seven items that assess participants’ 
present moment feelings using a 5-point Likert scale (1 = Not true at all, 3 = Somewhat true, 5 = 
Very true). Example items include, “My thoughts feel slow” and “My thinking requires effort.” 
An average PMFQ score was calculated at baseline and follow-up. Test-retest reliability was r = 
.61 in this sample.   
Physical Activity. The Godin-Shephard Leisure-Time Physical Activity Questionnaire 
(GLTEQ) was used to compute a total leisure-time activity score across three modes of activity: 
strenuous, moderate, and mild. Weekly frequencies of strenuous, moderate, and mild activities 
were multiplied by nine, five, and three, respectively to create the total score or number of units 
(Godin, 2011). According to this score, 24 units or more is indicative of an active individual, 
whereas any score below 24 is indicative of a non-active individual. Herein, test-retest reliability 
for GLTEQ was r = .67. 
Training Expectations. To assess expectations of change following the aerobic exercise 
and cognitive training condition or aerobic exercise and video watching condition, a novel 15-
item questionnaire was assessed at baseline and for the purpose of inclusion in future analyses. 
These items were modeled after Sears and Stanton’s (2001) research pertaining to expectancies 
prior to exercise engagement. Questions focused on the perceived capabilities that aerobic 
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exercise training would improve outcomes such as memory ability, thinking speed, focus and 
concentration, planning and prioritization, and multi-tasking (e.g., “I believe that the 4-week 
exercise training will improve my overall memory ability”). Each item contained a 5-point Likert 
scale (1 = Strongly disagree, 2 = Disagree, 3 = Neutral, 4 = Agree, 5 = Strongly Agree). An 
overall expectancy score was calculated by averaging responses across applicable items. 
Training expectations were administered at baseline only. 
Functional Fitness 
 Participants completed a brief functional fitness assessment at baseline and follow-up. 
Exercises included measures of mobility, agility, cardiorespiratory fitness, lower body strength, 
and balance. The functional fitness assessment took approximately 20 minutes to complete. 
Participants were instructed to inform research staff if any postconcussion symptoms were 
exacerbated during any portion of this assessment. Change scores from baseline to follow-up 
were computed in order to detect any functional fitness changes. 
Mobility. Specifically, measures of mobility included the stair climb task and the Up and 
Go (TUG) task. As a timed task, the stair climb required participants to descend and ascend a 
flight of stairs as quickly as possible. Scores were recorded in seconds for both the stair down 
and stair up tests. The TUG task required participants to rise from a seated position, walk around 
a cone approximately 3 meters in front of them, and return to their original seated position. Time 
to complete task was recorded in seconds. 
Agility. Agility measures pertained to two lower body agility measures called, “the Dot 
Task” and the Four Square Step Test (FSST). The Dot Task required participants complete a 
specific pattern using their feet on a 3’ x 4’ mat that has five white dots positioned in a pattern 






of the mat and chose whichever foot to lead with while performing the pattern (typically 
determined by their dominant hand). Once the test began, participants stepped to the middle dot 
as quickly and accurately as possible and proceed to the two dots at the top of the mat using one 
foot at a time. While facing the same direction, participants then moved backwards by stepping 
to the middle dot once again and ended with both feet on the two dots located at the bottom of 
the mat. Participants complete two trials of the Dot Task. Time needed to complete the task was 
recorded using a stopwatch with composite scores averaged across both trials. 
 The FSST involved participants stepping over four lines that were laid on a 3’x4’ mat at 
90-degree angles to each other (like a plus sign). Participants were asked to stand in one square 
facing forward and then rotate clockwise around the “plus sign” by moving forward, to the right, 
backward, and to the left. Participants then reversed their path and moved in a counterclockwise 
direction while both feet entered each square. Participants were asked to complete this pattern of 
movement as quickly as possible. Time was recorded for two trials of the FSST. Averaging 
timed scores across both trials yielded a composite score.  
Cardiorespiratory Fitness. The two-minute step test required participants to step onto 
an elevated platform approximately 12 inches above the ground and back down for two minutes. 
A metronome was set at 88 beats per minute for female participants and 96 beats per minute for 
male participants. Each time participants heard the metronome beep, they were instructed to step. 
The stepping pattern reflected an “up, up, down, down,” march, where participants stepped using 
one foot at a time. Using a fingertip oximeter, HR was immediately assessed following the two 
minutes of stepping. Once HR was recorded, participants were told to rest for two additional 
minutes. After two minutes of rest, HR was once again recorded (recovery HR).  
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Balance. Participants were instructed to balance on one foot for a maximum of 30 
seconds. Participants were required to pick one foot off the ground and bend their knee such that 
their shin was parallel to the ground. If participants were unable to hold this position for 30 
seconds, time was recorded whenever they stopped, or lost balance. Trained research staff stood 
nearby ready to intervene if participants lost control of their balance during the task. Two trials 
were performed for each leg. Composite scores were calculated using the average time across 
both trials. 
Technology Acceptance 
Participants who engaged in cognitive training completed a modified version of Davis 
(1989) and Davis et al. (1989) perceived usefulness and perceived ease of use questionnaire (e.g., 
“Using the smartphone-delivered cognitive training program improved my thinking”, “I found 
the smartphone-delivered cognitive training program to be easy to use”). These items were 
measured using a 7-point Likert scale (1 = Strongly disagree, 4 = Neutral, 7 = Strongly agree) 
and assessed attitudes towards the smartphone-delivered cognitive training program at follow-up. 
Data Analytic Plan 
Power Analysis. To date, an RCT has not been conducted that yielded a minimum 
sample size for future studies in order to detect a sufficiently powered effect size when assessing 
RPQ change scores. Trials that have explored change in RPQ scores among concussion 
populations have been phase I-II trials where treatment effect size is unknown (Miller et al., 
2015; Silverberg et al., 2013). Still, an a-priori power calculation was carried out using G*Power 
software for a between-factors repeated measures ANOVA, which suggested a sample size of 51 
in order to have sufficient power (80%) and an α of .05 to detect a difference in participants 






participate. A post hoc power analysis was conducted with the given α of .05, sample size of 34, 
and moderate effect size of .40 and yielded a power of 63%.   
Quality Control and Data Checking 
Online survey data was downloaded and imported into SPSS, version 25 (IBM Corp, 
Armonk, NY). Data were manually inspected by trained research assistants to verify that 
importation procedures were successful. Data collected from the NIH Toolbox was manually 
entered into SPSS. Descriptive and frequency statistics were generated for all variables in order 
to check for missingness and any erroneous data. Violations of basic statistical assumptions were 
examined. 
Statistical Analyses 
Baseline group comparisons on demographic variables were carried out using paired t 
tests. A 3 x 2 repeated measures ANCOVA was conducted to examine change in symptom 
severity between groups whereby a p-value of 0.05 or less determined statistically significant 
inferences. Variance inflation factor (VIF) derived from linear regression analyses were 
examined to determine multicollinearity among independent variables used to predict symptom 
severity. Additionally, a 2 x 6 repeated measures ANOVA was conducted to examine change in 
symptom severity between exercise groups across time. The repeated measures analysis followed 
three basic assumptions: (1) independent observations, (2) a multivariate normal population 
distribution, and (3) equal variances among dependent variables, or sphericity. Follow-up scores 
on cognitive tasks were evaluated using a 3 x 2 ANCOVA. Theoretically relevant and 
established covariates for analyses involving primary outcomes included age, number of months 
since the injury, the global score from the GLTEQ, PMFQ score, and the primary outcome’s 
baseline score. Along with the aforementioned set of covariates, the training expectations score 
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was included when analyzing performance on cognitive tests at follow-up. Some covariates may 
have been omitted or added to analytical models based upon theoretical relevance for other 
ancillary outcomes. Post-hoc analyses were conducted to determine group differences and 
followed specific instructions set forth in accordance with assumptions and violations (Frison & 
Pocock, 1992). Follow-up scores on ancillary outcomes specific to perceptions of cognitive 
function and physical activity self-regulation and engagement were evaluated using a 3 x 2 
ANCOVA whereby a p-value of 0.05 or less determined statistical significance. Cohen’s d 
values were used to determine the magnitude of each effect size. Conventional effect sizes were 
followed such that .20 indicated a small effect, .50 indicated medium, .80 indicated a large 
effect, and 1.20 and higher indicated a very large effect. Creating an average acceptance score 
using the adapted questionnaire assessed acceptance of the cognitive training application. 
Pearson correlations were computed between performance on each functional fitness assessment 
















CHAPTER IV: RESULTS 
Participant Characteristics 
 Using the online initial interest survey, 47 participants were contacted based on their self-
reported history of at least one concussion and because they indicated experiencing lingering 
postconcussion symptoms. A second group of participants (n = 13) was contacted using data 
collected from ACES and the same concussion history and symptoms criteria. In total, 66 
contacts expressed interest in the study. After screening 55 contacts, 21 did not qualify based on 
various exclusionary criteria, resulting in a 62% conversion rate (see Figure 4). Participants 
either provided medical documentation of their most recent concussion (n = 28) or provided the 
contact information of an individual who could validate their reported symptoms (n = 6). Once 
consent and medical clearance documents were obtained, participants completed their baseline 
testing appointment. In all, 34 eligible participants were enrolled and 100% returned for follow-
up testing approximately four weeks later. 
 There were no significant differences in demographic variables or concussion history 
between groups at baseline (Table 1). The average age of the sample was 28 years, while the 
median age was 24 years. The majority of participants in this study belonged to the third highest 
age cohort (15-24 yrs.) for sustained TBI as is evidenced by the rate of emergency department 
visits for TBI per 100,000 in the U.S. (Faul, Wald, Xu, & Coronado, 2010). A slight majority of 
participants was female (55.9%) and had obtained a college degree (52.9%). The majority 
identified as Caucasian (85.3%). An average of 2.44 concussions was reported across all three 
groups. In terms of postconcussion symptom severity at baseline, a sample average of 3.88 was 
recorded on the RPQ-3 and 14.21 on the RPQ-13. There was a significant, positive correlation 
between the RPQ-3 and RPQ-13 composite scores at baseline (r = .55, n = 34, p < .05). On 
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average, participants had been reporting postconcussion symptoms for approximately 16 months, 
while the median for this statistic revealed a period of six months. On average, participants were 
approximately 70% confident in their ability to recognize concussion symptoms. 
 Participants indicated no history of mental health condition(s) where treatment was 
regularly sought. As measured by HADS, the sample average depression score (HADS-D) was 
5.15 (SD = 3.46) and average anxiety score (HADS-A) was 7.47 (SD = 4.07). Generally, a score 
greater than 8 is viewed as a quantified cutoff for both conditions. It was anticipated that 
participants in this study would yield greater than usual depression and anxiety scores 
considering the overlapping symptomology across PCS, anxiety, and depression. At baseline, a 
significant difference (p < .05) between the EX+CT and EX+VIDEOS group was observed on 
the MMQ-A, such that the videos group reported greater memory ability for everyday tasks, on 
average. Additionally, a significant difference was observed at baseline on the PMFQ, such that 
those in the EX+VIDEOS group reported less mental fatigue, on average, than those in the 
EX+CT group. No other significant differences at baseline were observed across groups on any 
secondary psychosocial outcome (Table 2). Finally, no significant differences were observed at 
baseline on self-reported levels of physical activity according to the Godin-Shephard Leisure 
Time Exercise Questionnaire (GLTEQ). 
Intervention Feasibility 
 Among the 22 participants randomized to the exercise intervention groups, all but two 
completed each exercise session according to their unsupervised exercise session logs and verbal 
confirmation at follow-up. One participant was unable to complete the last four unsupervised 
sessions due to time commitment. The other participant was unable to complete sessions 10 and 






follow-up testing. In all, 258 out of 264 (97.73%) total training sessions were completed in both 
supervised and unsupervised settings. During supervised and unsupervised sessions, participants 
complied with prescription intensity based on HR recordings falling in between the 50-75% 
range. No significant differences on HR average were observed between groups across weeks 1-
4. The EX+CT group had an average HR of 100.91 bpm (SD = 7.94) at week 1 and an average 
HR of 101.21 bpm (SD = 5.90) at week 4. The EX+VIDEOS group had an average HR of 96.10 
bpm (SD = 7.01) at week 1 and an average of 99.59 bpm (SD = 9.29) at week 4. Treadmill speed 
was also recorded during each session and ranged from 2.50 mph to 4.00 mph. The EX+CT and 
EX+VIDEOS groups reported average speeds of 3.17 mph (SD = .33) and 3.15 mph (SD = .20) 
during the first week of supervised exercise sessions. Across the subsequent three weeks of 
unsupervised exercise sessions, the EX+CT group reported an average speed of 3.19 (SD = .43) 
and the EX+VIDEOS group reported an average speed of 3.24 (SD = .30). These speeds 
represented a brisk walk to slight jogging pace for participants. No significant differences were 
observed between groups on treadmill speed across weeks 1-4. All participants were able to 
complete the training for 30 minutes without exacerbating any postconcussion symptoms. No 
significant differences were observed at follow-up on self-reported levels of physical activity 
according to the GLTEQ when controlling for age, gender, education, BMI, and baseline 
GLTEQ score [F(2,26) = 1.48, p = .25, d = .33]. GLTEQ scores at follow-up were 44.73 (SD = 
26.68) for the EX+CT group, 43.91 (SD = 28.94) for the EX+VIDEOS group, and 30.00 (SD = 
18.18) for the CONTROL group. 
 Among the EX+CT, all participants recorded using the Brain HQ™ application according 
to their paper logs with the exception of one participant who was unable to complete the last four 
sessions. Participants played nine different modules and completed 61 levels (average) and spent 
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42.30 hours training during the four-week intervention. Note that 44 hours would indicate 
complete compliance. One participant did not complete the last four sessions (i.e., 80 minutes of 
training). Within the EX+VIDEOS group, all participants indicated watching the post-exercise 
video according to their paper logs, with the exception of one participant who missed two 
sessions due to a knee injury. Participants in this group also scored an average of 9.75 (out of 10) 
on the perceived engagement assessment. 
Intervention Effects on Postconcussion Symptoms 
 No significant differences on the RPQ-3 or RPQ-13 were observed across groups at 
baseline. Each of the three previously noted assumptions was met before examining the repeated 
measures ANCOVA. No sample outliers were observed at baseline or at follow-up suggesting a 
normal distribution. Mauchly’s test of sphericity (p > .05) suggested equal sample variance, 
which permitted repeated measures analyses on both the RPQ-3 and RPQ-13. Additionally, no 
multicollinearity issues were detected as evidenced by VIF values ranging between 1.00 and 2.00 
among all independent variables with the RPQ-3 and RPQ-13. Tests of within-subjects effects 
following a 3 x 2 repeated measures ANCOVA revealed a significant change in symptom 
severity at follow-up according to the RPQ-3 [F(2,26) = 6.54, p < .05, d = .72] (Figure 5). 
Between-subjects effects following the same analysis revealed significant differences on the 
RPQ-3 [F(2,26) = 4.90, p < .05, d = .56]. Tests of within-subjects effects following a 3 x 2 
repeated measures ANCOVA revealed a significant change in symptom severity at follow-up 
according to the RPQ-13 [F(2,26) = 10.36, p < .05, d = .90] (Figure 6). Between-subjects effects 
following the same analysis revealed significant differences at follow-up on the RPQ-13 [F(2,26) 
= 5.51, p < .05, d = .88]. Initially, gender was theorized to play a role in symptom reporting, 






associations with symptom reporting at follow-up. Age, nevertheless, did reveal a significant 
association with RPQ-3 at follow-up. A sensitivity analysis revealed an outlier within the sample 
based on age. When this participant was removed, group assignment remained a significant 
predictor of RPQ-3 at follow-up. The same remained true on the RPQ-13 when controlling for 
the same set of baseline variables and when excluding the outlier. Post hoc comparisons using a 
Bonferroni correction revealed a statistically significant difference between the EX+CT and 
CONTROL groups (p < .05) as well as the EX+VIDEOS and CONTROL groups on the RPQ-3 
(p < .05). Similarly, post hoc comparisons revealed a statistically significant difference between 
the EX+CT and CONTROL groups (p < .05) as well as the EX+VIDEOS and CONTROL 
groups on the RPQ-13 (p < .05). No significant post hoc comparisons were observed between the 
EX+CT and EX+VIDEOS groups on either the RPQ-3 or RPQ-13. 
To detect change in symptom severity over the course of the intervention, a 2 x 6 
repeated measures ANOVA revealed a significant change according to within-subjects effects on 
the RPQ-3 [F(1,18) = 12.88, p < .05, d = .85] and RPQ-13 [F(1,18) = 19.90, p < .05, d = 1.06] 
(Figures 7 and 8). Tests of between-subjects effects did not reveal significant differences 
between groups in symptom severity across time on the RPQ-3 [F(1,18) = .07, p > .05, d = .00] 
or RPQ-13 [F(1,18) = 2.99, p > .05, d = .40].   
Intervention Effects on Cognitive Function 
 Baseline and follow-up means and standard deviations for each cognitive measure 
according to algorithm-computed output scores by the NIH Toolbox can be found in Table 3. 
There were no significance differences at baseline on any cognitive measure across groups. No 
multicollinearity issues were detected as evidenced by VIF values ranging between 1.00 and 2.00 
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among all independent variables with each cognitive outcome. Table 4 provides correlations 
between symptoms reported at follow-up and performance on each cognitive task. 
Inhibitory Control and Attention. The computed score on the NIH Flanker Inhibitory 
Control and Attention Test was used to assess group differences at follow-up. A statistically 
significant within-subjects effect was found after conducting a 3 x 2 repeated measures 
ANCOVA analysis controlling for age, symptom duration, GLTEQ, PMFQ, training 
expectations [F(2,26) = 4.23 p < .05, d = .56]. A significant between-subjects effect was 
observed [F(2,26) = 3.89 p < .05, d = .54]. Post hoc comparisons using a Bonferroni adjustment 
revealed a significant difference between EX+CT and CONTROL (p < .05) and can be found in 
Figure 9. No differences were observed between EX+CT and EX+VIDEOS groups, or the 
EX+VIDEOS and CONTROL groups. 
Working Memory. The computed score on the NIH List Sort Working Memory Test was 
used to assess group differences at follow-up. A 3 x 2 repeated measures ANCOVA controlling 
for the same set of covariates did not reveal significant differences within-subjects or between 
groups, however these data support theorized trends in improved performance at follow-up 
within the EX+CT group. Baseline and follow-up performance scores can be found in Figure 10.  
Processing Speed. The computed score on the NIH Pattern Comparison Processing 
Speed Test was used to assess group differences at follow-up. A 3 x 2 repeated measures 
ANCOVA revealed statistically significant within-subjects effect when controlling for the same 
set of covariates [F(2,26) = 9.07, p < .05, d = .83]. Significant between-subjects effects were 
observed [F(2,26) = 3.61 p < .05, d = .51]. Post hoc comparisons using a Bonferroni adjustment 
revealed a significant difference between the EX+CT and CONTROL groups (p < .05) and a 






found in Figure 11. No significant difference was observed between the EX+VIDEOS and 
CONTROL groups. 
Executive/Switching. The computed score on the NIH Dimensional Change Card Sort 
Test was used to assess group differences on task-switching performance at follow-up. A 3 x 2 
repeated measures ANCOVA controlling for the aforementioned covariates revealed significant 
within-subjects effects [F(2,26) = 4.08, p < .05, d = .54]. A significant between-subjects effect 
was observed [F(2,26) = 3.33 p < .05, d = .50]. Post hoc comparisons using a Bonferroni 
adjustment revealed a significant difference between the EX+CT and CONTROL groups (p < 
.05) and can be found in Figure 12. 
 The Trail Making Test Parts A (TMT-A) and B (TMT-B) were used to assess executive 
control performance across groups. Generally, TMT-B has been considered perceptually more 
complex than TMT-A and therefore a better indicator of a set-switching task and thus cognitive 
flexibility (Arbuthnott & Frank, 2000). A 3 x 2 repeated measures ANCOVA controlling for the 
aforementioned covariates revealed significant within-subjects differences on TMT-A [F(2,26) = 
3.34 p < .05, d = .50]. The between-subjects effect did not reach a level of significance. A 3 x 2 
repeated measures ANCOVA using the same covariate model revealed significant within-
subjects effects on TMT-B [F(2,26) = 10.33, p < .05, d = .88]. A significant between-subjects 
effect was observed [F(2,26) = 4.64 p < .05, d = .44]. Post hoc comparisons using a Bonferroni 
adjustment revealed a significant difference between the EX+CT and CONTROL groups (p < 
.05) and can be found in Figure 13. 
Technology Acceptance. In order to gauge the perceived usefulness and perceived ease 
of use regarding the mobile cognitive training platform used among participants in the EX+CT 
group, three items were assessed for each construct using a 1-7 scale. In terms of the perceived 
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usefulness, an average score of 6.27 was observed indicating moderate to strong agreement for 
its use. An average score of 6.79 was observed for perceived ease of use, also indicating a 
moderate to strong agreement for in perceived ease of use.  
Psychosocial Outcomes 
Table 7 provides baseline scores collected via established self-report inventories. With 
the exception of greater contentment with memory ability, there were no significant differences 
across groups at baseline. No multicollinearity issues were detected as evidenced by VIF values 
ranging between 1.00 and 2.00 among all independent variables with each psychosocial 
outcome. 
Physical Activity Self-Regulation. At follow-up, a 3 x 2 repeated measures ANCOVA 
controlling for age, symptom duration, GLTEQ, MMQ-C, and perceived mental fatigue did not 
reveal significant within-subjects or between-subjects effects on the PASR. Within-subjects 
results indicate a trend towards theorized overall group changes that favor the EX+CT condition. 
Mindfulness Attention and Awareness Scale. A 3 x 2 repeated measures ANCOVA 
controlling for the same covariate model revealed significant within-subjects effects on the 
MAAS [F(2,26)= 5.65, p < .05, d = .59]. Significant between-subjects effects were observed 
[F(2,26) = 3.58 p < .05, d = .46]. Post hoc comparisons using a Bonferroni adjustment revealed a 
significant difference between the EX+CT and CONTROL groups (p < .05) as well as between 
the EX+VIDEOS and CONTROL groups (p < .05), but not between EX+CT and EX+VIDEOS. 
Perceived Mental Fatigue. A 3 x 2 repeated measures ANCOVA controlling for the 
previously mentioned variables revealed significant within-subjects effects on the PMFQ 
[F(2,27) = 7.10, p < .05, d = .71]. Significant between-subjects effects were observed [F(2,27) = 






difference between the EX+CT group and the CONTROL group (p < .05) as well as the 
EX+VIDEOS and CONTROL groups (p < .05), but not between EX+CT and EX+VIDEOS. 
Hospital Anxiety and Depression Scale. Using the same repeated measures analysis and 
covariate model, no significant within-subjects or between-subjects effects were observed on 
either the HADS-D or HADS-A. On average, the EX+CT had a HADS-A score of 6.91 at 
follow-up, the EX+VIDEOS group had a HADS-A score of 7.00 at follow-up, and the 
CONTROL group had a HADS-A score of 8.00 at follow-up.   
Functional Fitness Assessments 
No significant differences were observed between groups at baseline (Table 5). 
Significant within-subjects effects were observed on TUG scores after conducting a 3 x 2 
repeated measures ANCOVA controlling for age, symptom duration, GLTEQ, and PMFQ 
[F(2,27) = 5.89, p < .05, d = .65]. Significant between-subjects effects were observed [F(2,27) = 
4.79 p < .05, d = .59]. Post hoc comparisons using a Bonferroni adjustment revealed a significant 
difference between the EX+CT group and the CONTROL group (p < .05) as well as the 
EX+VIDEOS group and CONTROL group (p < .05). There was no significant difference 
between EX+CT and EX+VIDEOS on TUG scores. No other significant change score 








CHAPTER V: DISCUSSION 
General Summary  
  The present study was the first of its kind to examine the efficacy of a 4-week multimodal 
aerobic exercise and cognitive training program on postconcussion symptomology. Previous 
research indicates that patients with PCS can safely train at an intensity level of approximately 
75% of their age-predicted maximum HR. Thus, the exercise prescription’s intensity chosen in 
the present study reflected a mild to moderate intensity range of each participants’ 75% age-
predicted maximum HR. Exercise intensity and dose were shown to be feasible and efficacious 
in terms of exercise engagement and postconcussion symptom reduction. The addition of 
cognitive training extends the current body of literature specific to PCS populations’ treatment 
methods. Findings were also consistent with prior evidence of aerobic exercise training efficacy 
in postconcussion symptom reduction (Leddy et al., 2010; Baker et al., 2012; Leddy et al., 2013). 
Additionally, findings lend support for the ongoing investigation of aerobic exercise’s clinical 
relevance in alleviating postconcussion symptoms. Interestingly, the exercise group that 
participated in cognitive training outperformed those in the EX+VIDEOS and CONTROL 
groups on several cognitive assessments at follow-up. Although it is unknown if cognitive 
training will reduce postconcussion symptoms over an extended period (beyond effects of 
exercise alone), this study provides preliminary evidence that cognitive training after aerobic 
exercise can improve areas of functioning of common concern to clinicians and patients. 
Intervention Feasibility and Compliance 
One goal of the present study’s design was to assess the extent to which individuals with 
refractory postconcussion symptoms were capable of completing the same supervised aerobic 






exercise session HR data, GLTEQ scores, objective performance data recorded via the cognitive 
training app, and self-reported ease-of-use and utility of the technology, offer robust evidence for 
the feasibility and acceptability of the presented study design. A completion rate nearing 98% for 
all 234 exercise sessions over the course of a 4-week study provides confidence that this design 
may be replicated in future work. All but two participants were able to complete all supervised 
and unsupervised exercise sessions. Further supporting compliance with study protocols stems 
from participants’ self-reported physical activity at follow-up using the GLTEQ. Mean GLTEQ 
scores at follow-up did not reveal significant group differences; however scores indicated a trend 
compatible with physical activity expectations between controls and the two exercise groups. In 
respect to baseline GLTEQ mean scores, these data suggest that participants could be classified 
as “active” according to Amireault and Godin’s (2015) cutoff score of 24 units since all three 
groups had mean scores reaching at least 28 units (scores greater than 24 indicate ≥ 150 min. of 
moderate-to-vigorous leisure time physical activity/week). Though screening procedures were 
used to eliminate physically active participants, it was important to control for baseline GLTEQ 
in follow-up analyses. Meanwhile, increased GLTEQ scores were observed over time between 
the EX+CT and EX+VIDEOS, it can be assumed that these participants’ perceptions of their 
physical activity increased as a result of engaging in the intervention. On the other hand, lack of 
self-reported physical activity change among the CONTROL group insinuates compliance in that 
they did not engage in any unusual patterns of physical activity behavior between baseline and 
follow-up. One can only speculate as to whether or not this level of participation could be 
sustained over a longer period of time (e.g., three to six months) but there is reason to believe its 
possible. Indeed, a recent meta-analysis by Bullard et al (2019) examined adherence and dropout 
rates of adults with chronic conditions (cancer, cardiovascular disease, and diabetes) who were 
 76 
involved in structured aerobic exercise programs lasting a minimum of three months. No 
differences were found in rates of adherence (77%) or dropout (7%) across conditions or the 
location of intervention delivery (clinic or home). Thus, as evidenced by data presented herein, 
individuals with chronic repercussions following head injury can achieve high levels of 
adherence to prescriptive behavioral medicine involving exercise and brain training, and they are 
likely capable of sustaining this level of activity engagement.  
Primary Outcomes: Postconcussion Symptoms 
The primary hypothesis that participants receiving the aerobic exercise combined with 
cognitive training program would experience the greatest reduction in the severity of 
postconcussion symptoms at follow-up was partially supported by these data. However, a similar 
trend in symptom severity-reduction was observed among participants receiving the same 
aerobic exercise (irrespective of whether they were engaged in post-exercise cognitive training or 
watching videos relevant to brain damage, optimal brain functioning and related education). An 
exploratory 2 x 6 repeated measures analysis revealed significant reductions in symptom severity 
at follow-up within groups, however no significant effects between groups (EX+CT vs. 
EX+VIDEOS). These data reflect a gradual decline in symptom severity within both exercise 
groups. This exploratory analysis did not compare relative to controls and therefore revealed no 
differences between exercise conditions over the course of four weeks in RPQ-3 or RPQ-13 
ratings. These data add further support to the literature for the role of aerobic exercise training in 
reducing postconcussion symptomology. 
Two iterations of the RPQ, the RPQ-3 and RPQ-13, were used in this study because of 
prior research differentiating two, unique dimensions (Eyres et al., 2005; Potter, Leigh, Wade, & 






nausea and it was theorized that they were experienced “early” on in recovery, whereas the 
subsequent RPQ-13 items (e.g., irritability, restlessness) were thought to reflect “late” onset 
symptoms. However, this is not always the case, as individuals have reported headaches and 
dizziness at all stages of recovery (Eyres et al., 2005). Better representations for these symptom 
clusters stem from the notion that the first three specify physical symptoms while the subsequent 
13 reflect more psychological-based symptoms. Supporting this idea, in this study, the RPQ-3 
correlated with the two-minute step test recovery HR (r = .39), four square step test (r = .38), and 
self-reported physical activity using the GLTEQ (r = .34), while the RPQ-13 correlated with 
perceived mental fatigue (r = .36) and the ability subscale of the multifactorial memory 
questionnaire (r = -.44).  
Moreover, the symptoms on the RPQ as well as its scale have received support as useful 
information about the severity of PCS regardless of whether diagnostic criteria for PCS is met 
(Ingebrigtsen, Waterloo, Marup-Jensen, Attner, & Romner, 1998). Time since injury was another 
important factor in this study. All participants were asked to provide the time in months since 
their concussion or mTBI, which was then controlled for in subsequent analyses. Overall, the 
RPQ has received support for its use as a highly reliable assessment as far out as six months 
post-injury as well as demonstrated reliability when either self-administered or clinician-
administered (King, Crawford, Wenden, Moss, & Wade, 1995).  
The likelihood of any participant experiencing complete resolution of all postconcussion 
symptoms in the present study was low and frankly, unexpected. Currently, there is not a specific 
value regarding a reduction in symptom severity that meets clinical relevance. Participants across 
both aerobic exercise groups experienced a 2-point reduction in the severity of symptoms on the 
RPQ-3, on average, and a 7-point reduction in the severity of symptoms on the RPQ-13, on 
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average. Considering that this difference was statistically significant when compared to change 
scores among participants in the control group, there is reason to continue supporting the 
implementation of controlled, aerobic exercise for reducing the severity of postconcussion 
symptoms as well as a symptom checklist to assess change. Aerobic exercise is theorized to 
reduce and alleviate the central and systemic physiologic regulatory dysfunction that follows 
concussion such as changes in cerebral blood flow (Leddy et al., 2007; Baker et al., 2012; Leddy 
et al., 2013), and restore metabolic homeostasis (Giza & Hovda, 2001). In fact, a recent review 
of the literature conducted by Ritter et al. (2019) found moderate evidence to support aerobic 
exercise as treatment for PCS when compared against other treatments such as psychological 
intervention. Three of four studies included in the review, found a greater rate of symptom 
improvement from aerobic exercise training lasting 4 to 12 weeks (Ritter, Hussey, & Valovich 
McLeod, 2019). Ritter et al. concluded that aerobic exercise training should be considered as a 
clinical option for reducing PCS and prolonged postconcussion symptoms. As researchers and 
clinicians continue testing the efficacy of certain treatments, there is reason to be optimistic that 
aerobic exercise is efficacious and would continue being effective if sustained longer than four 
weeks based on the presented findings. 
There are several possible explanations as to why the exercise and videos group 
experienced a comparable reduction in postconcussion symptoms with that of the exercise and 
cognitive training group. One reason is that the groups were not different enough to yield a 
differential effect. The EX+CT and EX+VIDEOS groups both exercised at the same intensity 
and duration, three days per week, for four weeks. Exercise was followed by 20 minutes of 
cognitive training or watching videos. Considering that aerobic exercise has been shown to 






theorized to be the driving force of symptom change, as opposed to cognitive training. Moreover, 
the intervention may not have been long enough to parse out symptom reporting differences 
between cognitive training and video watching groups. Here, the dose of cognitive training may 
not have been sufficient to observe meaningful changes in terms of postconcussion symptoms as 
they relate to cognitive function (e.g., problems concentrating) in just four weeks. Previous 
research examining the effectiveness of cognitive training among MCI populations revealed 
favorable effect sizes for memory performance after six weeks of training, which consisted of 5 
sessions per day for 100 minutes (Barnes et al., 2009). A greater dose of cognitive training may 
have yielded substantial differences on postconcussion symptoms between the EX+CT and 
EX+VIDEOS groups. Among cognitively impaired populations, many studies that combine 
exercise and cognitive training fail to include an active control group for comparison according 
to Law et al’s (2014) systematic review. This makes it difficult to interpret the potential effect of 
combining exercise and cognitive training on cognitive performance. However, one recent 
randomized controlled trial combined aerobic exercise and cognitive training and observed 
enhanced cognitive performance above and beyond exercise alone among individuals with MCI 
(Sacco et al., 2016). In healthy populations, a separate systematic review of 20 papers suggests 
greater success on cognitive outcomes when combining physical and cognitive training than 
standalone exercise or cognitive training (Lauenroth, Loannidis, & Teichmann, 2016).  
Another reason for the lack of group differences pertains to participants’ motivation for 
change (i.e., symptom recovery) and physical activity engagement. Motivation was not directly 
assessed, however, training expectations were accounted for and there were no significant 
differences between the EX+CT and EX+VIDEOS groups on the physical activity self-
regulation scale or barriers self-efficacy scale. As a social-cognitive determinant, self-regulation 
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has been shown to reveal some of the strongest effects on physical activity engagement and 
adherence among healthy and clinical populations (Anderson-Bill, Winett, & Wojcik, 2011; 
Anderson, Wojcik, Winett, & Williams, 2006; Buckley et al., 2014; Olson & McAuley, 2015). 
Observing a significant change in physical activity self-regulation among the EX+CT compared 
to controls supports the notion that cognitive training elicits higher levels of executive function 
(i.e., planning, inhibition) and self-regulatory strategies (McAuley et al., 2011b). Yet, this 
difference was not observed between EX+CT and EX+VIDEOS, suggesting that watching the 
videos also influenced self-regulation and/or training motivation and physical activity behavior, 
and in turn, symptom reporting. Motivation has been shown to affect baseline and follow-up 
neuropsychological testing performance among concussion populations (Bailey, Echemendia, & 
Arnett, 2006) and is a factor to consider when assessing postconcussion symptoms. Additionally, 
expectations for intervention effects on cognition were assessed at baseline across groups, 
however no significant differences were observed. 
Finally, the primary outcome measure may not have had the level of sensitivity needed to 
detect significant change between groups. Symptom reporting has its limitations, however self-
reported symptoms are frequently used as a pragmatic approach for concussion screening and 
recovery (Iverson, Brooks, Ashton, & Lange, 2010). Reviews have identified as many as 20 
scales that can be used to assess concussion and lingering symptoms (McLeod & Leach, 2012; 
Alla et al., 2009). Other trials examining treatments’ efficacy on postconcussion syndrome have 
relied on measures such as functional magnetic resonance imaging activation (Leddy et al., 
2013). In animal models, neurotrophin levels are examined to assess recovery and more 
specifically, BDNF. The reduction of BDNF that follows concussion has been shown to return to 






2004). Measuring BDNF in humans can be done using blood plasma and serum samples via the 
Enzyme Linked Immunosorbent Assay (ELISA) technique (Vrijen et al., 2017). However, due to 
the invasive nature of this technique, ELISA kits cannot always be used. This is a particularly 
important area for future research as increases in BDNF production have been associated with 
exercise and may be bolstered during cognitive training. As it stands, symptom checklists offer a 
convenient method for assessing recovery, but should be interpreted with caution and may be 
reason as to why significant differences between EX+CT and EX+VIDEOS were not observed.  
Secondary Outcomes: Cognitive Functioning 
The EX+CT group’s performance on cognitive measures at follow-up partly supported 
the secondary hypothesis in that cognitive training would result in greater changes relative to the 
other two conditions. When compared to the CONTROL group, EX+CT had significantly greater 
inhibitory control, faster processing speed, more efficient task-switching, and improved overall 
executive function according to performance scores on the NIH Toolbox Cognitive Battery and 
TMT-B. A significant difference was observed between the EX+CT and EX+VIDEOS groups on 
the Pattern Comparison test, suggesting cognitive training’s effect on processing speed. A 
difference just above the minimum level of significance on the Dimensional Change Card Sort 
test was also observed between these two groups (p = .07). With the exception of TMT-B test, 
there were no statistically significant differences on any cognitive assessment between the 
EX+VIDEOS group and CONTROL group. These data suggest that aerobic exercise and 
cognitive training combined may yield greater returns in processing speed and possibly task 
switching than exercise alone. The cognitive training modules were specifically chosen to assess 
transfer effects using several of the NIH Toolbox cognition tests. Cognitive training modules 
comprised three domains: working memory, attention, and processing speed. Modules were 
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evenly distributed among cognitive domains (three each) and therefore, time spent on each 
domain is unlikely to account for unobserved differences in working memory and attentional 
control performance measures. Findings align with previous evidence showing the effects of 
training processing speed among healthy adults on other speed of processing measures (near 
transfer), without evidence of transfer to other domains of cognitive functioning such as memory 
and attention (Edwards, Wadley, Myers, Roenker, Cissell, & Ball, 2002). Interestingly, a 5-week 
working memory training program for adults with stroke revealed significant training effects on 
non-trained tests for working memory and attention (Westerberg et al., 2007). Though this was 
not observed in the present study, findings lend support to this pattern and could very well be 
observed had the intervention involved a greater dose of cognitive training.  
Often, impaired attentional control and memory complaints are what follow concussion, 
as these are two commonly reported markers of postconcussion syndrome (Cicerone, 1996; 
Stulemeijer, Vos, Bleijenberg, & Van der Werf, 2007). Belanger et al. conducted a meta-analysis 
of neuropsychological performance following a history of concussion (n = 8 studies) and found 
that multiple, self-reported mTBIs were associated with poorer performance on measures of 
delayed memory and overall executive functioning (Belanger, Spiegel, & Vanderploeg, 2010). 
Overall, participants in the EX+CT group improved their working memory ability as measured 
by the List Sort task, yet scores at follow-up did not reach the level of significance. A study that 
involved TBI patients implemented a 4-week cognitive training program focused on 10 different 
attention functions (e.g., vigilance, divided attention, visual and auditory attention, etc.) and 
noticed adaptations within the attentional network visualized by fMRI differences between the 
TBI and control groups (Kim et al., 2009). Our findings did not reveal a significant difference 






task, which may be explained by the dose of cognitive training, the sensitivity of the Flanker test, 
or because concussion does not result in the same level of neurobiological damage as observed in 
TBI populations.  
Reason for improvements in performance on TMT-B among those in the exercise and 
cognitive training group relative to controls is that the combination of aerobic exercise and speed 
of processing training induces better performance over time. Specifically, one of the cognitive 
training exercises relies on users to switch between identifying the correct target stimulus that 
was briefly shown followed by correctly identifying an object in the periphery (Double 
Decision). Switching between correct and incorrect stimuli in Double Decision and switching 
between numerals and letters of the alphabet on TMT-B may explain the observed transfer 
effect. In addition to a significant difference in performance on TMT-B between the EX+CT and 
CONTROL groups, there was an observed effect between the EX+VIDEOS group and 
CONTROL group. Observing a similar pattern among the EX+VIDEOS group points towards 
aerobic activity’s role in producing such change. It is unlikely that simply watching videos 
would generate significant changes in visual processing speed and cognitive flexibility, however 
one could reason that because of the high level of video engagement over the course of the 
intervention (average score of 9.75/10), participants may have unintentionally trained their 
ability to focus their attention to a given stimulus (video). A more likely explanation is simply 
from aerobic exercise having a favorable effect on TMT-B performance as shown in previous 
research among populations with mild cognitive impairment (Baker et al., 2010) as well as 
following a 12-week supervised treadmill exercise program among participants (N = 7) with TBI 
(Chin, Keyser, Dsurney, & Chan, 2015). Overall, these results contribute to the literature on the 
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transfer effects of cognitive training in a population that is likely to experience impairment in 
areas of cognition and the power of combining this approach with aerobic exercise. 
Ancillary Outcomes 
 Subjective cognitive function is also important to consider when treating postconcussion 
symptoms. Particularly, mindful attention is likely to influence an individual’s awareness of such 
symptoms and seek treatment. Few studies have targeted the perceptions of cognitive abilities 
following concussion, particularly mindful attention. The subjective experience of cognitive 
difficulties could precede, exacerbate, or be the consequence of anxious and depressive 
behaviors. One pilot study sampled 22 individuals with chronic mTBI and delivered a 10-week 
mindfulness-based stress reduction program and observed meaningful improvements on 
measures of quality of life and significant effects on measures of working memory and 
attentional control (Azulay, Smart, Mott, & Cicerone, 2013). Though mindfulness was not 
targeted, the MAAS was assessed to evaluate the potential for change induced by the aerobic 
exercise and cognitive training among a population susceptible to lower attentional capacity. 
Considering that both exercise groups reported increased MAAS scores at follow-up, future 
research focused on the role of mindfulness in PCS is warranted.  
 Postconcussion symptoms often reflect mental fatigue in that these individuals often tire 
more easily both physically and mentally following their injury. Mental fatigue is caused by 
prolonged periods of demanding cognitive ability and has been shown to impair physical 
performance (Marcora, Staiano, & Manning, 2009). It was anticipated that perceived mental 
fatigue could blunt the impact of interventions on perceptions of symptom severity and was 
therefore used as a covariate in all statistical models. Indeed, PMFQ correlated with RPQ-13 at 






severity in symptoms reported. Perceptions of mental fatigue significantly decreased at follow-up 
among the EX+CT and EX+VIDEOS group respective to the control group, suggesting that the 
PMFQ is sensitive to intervention.  
PCS is a condition with high rates of comorbidity with anxiety and depression. Therefore, 
it was important to assess anxiety and depression separate from symptoms on the RPQ. Evidence 
supports the use of HADS in the assessment of symptom severity of anxiety disorders and 
depression in somatic, psychiatric and primary care patients, and in the general population 
(Bjelland, Dahl, Haug, & Neckelmann, 2002). In the present study, significant reductions were 
not observed on either the HADS-A or HADS-D subscales. This may be due to both depression 
and anxiety disorders requiring ongoing psychological treatment and sometimes medication 
before any worthwhile changes in thought patterns or behaviors are reported (Dugas & 
Robichaud, 2012; Harmer, Goodwin, & Cowen, 2009). However, psychological treatment for 
depression and anxiety is not always effective in this population. Scheenen et al. (2017) 
conducted an RCT with individuals living with mTBI who received five, 1-hour sessions of 
either cognitive behavioral therapy or telephone counseling. Participants were asked to complete 
the HADS on four occasions across a yearlong period and no significant change was observed in 
anxiety or depression scores in either group (Scheenen et al., 2017).  
Finally, in the majority of cases, postconcussion impairment relates to cognitive 
functioning, however, altered postural control due to vestibular dysfunction is sometimes 
observed and treated (Cavanaugh et al., 2005). Balance assessments are used to determine 
vestibular dysfunction and have even shown strong correlations with symptom reporting 
(Alsalaheen et al., 2016). At baseline, only one functional fitness assessment yielded a 
significant correlation with the RPQ-3 and RPQ-13, the two-minute step test HR recovery 
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variable. This aligns with previous research in that there is a link between cardiorespiratory 
fitness and the onset of postconcussion symptoms, such that physiological dysfunction post-
injury can occur and possibly be used as a primary characteristic of PCS (Leddy et al., 2007).  
The TUG task was the only measure to reveal significant differences at follow-up after 
engaging in either one of the aerobic exercise conditions relative to controls. The TUG task in 
particular, has been shown to be sensitive in identifying fall risk in persons with vestibular 
dysfunction (Whitney, Marchetti, Schade, & Wrisley, 2004). In the present study, having 
physically inactive participants (according to self-report indices) with lingering symptoms 
exercise on a treadmill three times per week for four weeks, resulted in mobility improvement. 
Although mobility has not been studied as an outcome among concussed individuals engaging in 
an aerobic exercise intervention, similar results have been observed among stroke populations. 
According to a randomized controlled trial conducted by Macko et al (2005), six months of 
treadmill-based aerobic training in patients with chronic stroke resulted in improved mobility 
function as measured by a 6-minute walking task compared to a stretching group. Not observing 
change in any other functional fitness assessment is likely due to the lack of specificity in 
training physical functions. It was intended that perhaps cognitive training would benefit balance 
performance as evidenced in prior research (Schoene et al., 2014; Li et al., 2010; Silsupadol et 
al., 2009). However, these former studies incorporated a cognitive-motor dual-task training 
paradigm, which may enhance dual-task coordination and in turn improve physical status as 
measured by balance (Li et al., 2010).  
Strengths and Limitations 
The present study was the first to explore the combined effects of two treatments 






protocols. Previous research has identified aerobic exercise as a viable treatment for PCS, but 
limited evidence for other common methods such as prolonged rest, psychological interventions, 
and vestibular rehabilitation (Leddy et al., 2012). Currently, medication has no scientific 
evidence in helping speed recovery from concussion. The most common types of medication 
prescribed for PCS are antidepressants and nonsteroidal analgesics (Mittenberg et al., 2001). 
This called for the exploration of an innovative approach to treat PCS that has received support 
for its use among similar populations with cognitive complaints (e.g., MCI). Cognitive training 
for concussion recovery has not been widely considered. When prescribed at a mild dose (20 
mins/day, 3 days/week), it is possible that patients benefit from this type of training considering 
the cognitive complaints that typically arise following a head injury. The dose of cognitive 
training was less than typical cognitive training interventions among healthy and clinical 
populations due to the exploratory nature of this training combined with aerobic exercise and 
because limiting screen time is often recommended in order to reduce the likelihood of 
exacerbating any postconcussion symptoms, like headaches or blurred vision. Results support the 
use and continued exploration of cognitive training platforms as they relate to the treatment of 
refractory postconcussion symptoms.  
The present study incorporated an unsupervised component whereby participants 
continued to follow a training prescription outside of the laboratory at their own convenience. 
Aerobic exercise is an activity that does not place any monetary burden on individuals and can 
be completed in most environments. Thus, it was important to assess its feasibility among this 
population and the rate of adherence. Exercising for a total of 90 minutes per week at an intensity 
shown to be reliable and safe among those recovering from concussion (Leddy, Baker, 
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Kozlowski, Bisson, & Willer, 2011; Leddy et al., 2016), was supported. At no point did any 
participant experience postconcussive symptoms that forced them to refrain from exercise.  
Assessing HR every five minutes ensured that participants remained within safe levels of 
exertion while exercising on their own. Using a smartphone application to assess HR while 
completing the unsupervised portion also seemed to be reliable as participants were able to self-
monitor HR successfully. Assistive technologies like such, have received support in their use 
among those with cognitive disabilities following acquired brain injury (Wild, 2013). 
Computerized cognitive training has also been shown to be an effective, less labor intensive 
activity than traditional, paper-and-pencil cognitive training approaches (Kueider, Parisi, Gross, 
& Rebok, 2012). Many commercially available smartphone applications are designed to improve 
cognitive performance in one or more cognitive domains, however there has been little evidence 
of generalizability to everyday cognitive tasks (Kelly et al., 2014). Results indicate that a near 
transfer of training was observed in performance on cognitive tests delivered by the NIH 
Toolbox, however, subjective perceptions of cognition did reveal any significant differences 
across groups, or evidence to infer that those in the EX+CT group experienced less problems in 
everyday tasks (e.g., remembering appointments).  
Finally, performance validity tests in neuropsychological evaluations are needed among 
users with a history of concussion or mTBI. Chase et al. (2018) found that in a sample of 65 
athletes with a history of sports-related concussion, approximately 30% were sub-optimally 
engaged during administration. Here, researchers suggest a low level of motivation among those 
performing these tasks, however, length of time and quality of assessment may deter test-takers 
from optimal performance and engagement. The NIH Toolbox took approximately 25 minutes to 






most standardized computer-based or pencil-and-paper-delivered neuropsychological 
assessments (Kontos, Sufrinko, Womble, & Kegel, 2016). 
The present study is not without limitations. First, the study outcomes relied on 
participants’ responses to the RPQ. Although the RPQ has received support for its use among 
populations with lingering postconcussion symptoms, it does not provide objective evidence of 
neurobiological damage – or repair, following a concussion and treatment. Moreover, a recent 
study suggests that the factor structure of the RPQ changes from year 1 to year 4 among those 
with mTBI, raising concern for its use as an outcome measure in clinical trials rather than simply 
as a symptom checklist tracked over time (Barker-Collo et al., 2019). In the attempt to 
circumvent this limitation, neuropsychological performance data was collected using 
standardized NIH Toolbox Cognitive Battery and well-established psychosocial questionnaires 
indicative of subjective cognitive function. Another limitation pertains to the sample in that a 
small number of them never had their head injury or concussion medically diagnosed. For 
reasons of practicality, a diagnosis was not required in order to participate; however, participants 
needed to be currently experiencing at least three postconcussion symptoms for an injury that 
had to occur at least one month prior to participating. Participants who did not have proof of their 
concussion via medical documentation provided the name of someone who could verify their 
refractory symptoms. Furthermore, concussion history and symptom duration varied across 
participants, which blurs lines of interpretation and generalizability. 
Directions for Future Research 
 Results support the efficacy of a multimodal, aerobic exercise and cognitive training 
program for reducing the severity of postconcussion symptoms. Follow-up trials may want to 
extend the 4-week intervention in order to observe even greater changes in regards to symptoms 
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and cognitive performance. Although there was not a strong associative link between subjective 
cognitive function and actual cognitive performance, this should not be interpreted as an 
unsuccessful attempt in observing any transfer of training. Indeed, other studies have examined 
the effect of subjective complaints upon cognitive functioning among those with and without 
concussion history and failed to reveal a difference between low and high symptom endorsement 
groups on performance tasks related to attention, working memory, and strategy allocation 
(Brooks et al., 2013; Chan, 2001). Follow-up research is needed that examines other 
combinations of treatment for refractory postconcussion symptoms. A single method approach is 
unlikely to yield a full recovery considering the complexity of PCS. The 2016 consensus 
statement on concussion in sport supports this notion, such that individualized aerobic exercise 
training along with physical therapy targeting cervical spine or vestibular dysfunction and 
cognitive behavioral therapy to treat persistent mood issues should be considered (McCrory et 
al., 2017).  
 Furthermore, the timing in which intervention takes place requires greater investigation. 
On average, participants had been symptomatic for approximately four months since their injury. 
According to the ICD-10, the individual must be experiencing symptoms for at least one month 
following the injury. At what point does treatment such as aerobic exercise training become a 
viable option? As one of the leading researchers who studies the role of aerobic exercise training 
in postconcussion symptom recovery, Dr. John Leddy and his team have begun to implement 
subsymptom threshold aerobic exercise programs as early as two days post-injury and have 
evidence to support this earlier intervention period. Among 103 adolescent participants, those 
randomized to the aerobic exercise group recovered, on average, four days earlier than 






that treating symptoms with exercise earlier on, before persistent symptoms take hold of the 
individual, may reduce the incidence of delayed recovery. Again, future directions for research 
should aim to include a comprehensive approach to treatment while intervening at earlier stages 
of symptom progression.  
Conclusion 
The results presented should be interpreted with caution given the small sample and brief 
period of intervention for a condition that can last months and even years post-injury. Grounded 
in theory and controlling for variables theorized to influence symptom reporting, the results 
support the use of an aerobic exercise program for those with lingering postconcussion 
symptoms. Indeed, the most recent consensus statement on concussion in sport calls for the 
exploration of more comprehensive interventions within this population (i.e., multidisciplinary 
approach). As it stands, little is known regarding the most appropriate method for treating 
refractory postconcussion symptoms. Generally, medical professionals will resort to physical and 
cognitive rest until the individual is asymptomatic when returning to their normal pattern of 
behavior (e.g., returning to school or work). However, research indicates that when children and 
adults are told to withdraw from usual behavior, they are at risk for developing unhealthy 
behaviors such as social isolation and depression. Aerobic exercise offers a feasible and 
efficacious approach to alleviating common symptoms reported by individuals with concussion, 
while avoiding the problems associated with physical inactivity. Also promising is the potential 
for enhanced cognitive performance upon engaging in supplementary cognitive training. 
Cognitive training platforms are easy to use, cost-effective, and can be obtained in a variety of 
formats (e.g., smartphones, tablets, etc.). Findings from this trial may appeal to clinicians, 
researchers, industry, and those affected by concussion or other acquired brain injuries. Further 
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research is needed to replicate and extend these findings in order to continue informing effective 



























CHAPTER VI: FIGURES 
Figure 1. ICD-10 Diagnostic Criteria 310.2 Postconcussion Syndrome (PCS)    
1. History of head trauma with loss of consciousness precedes symptom onset by maximum of 4 
weeks. 
2. Three or more symptom categories: 
 (a) Headache, dizziness, malaise, fatigue, noise intolerance, 
 (b) Irritability, depression, anxiety, emotional lability, 
 (c) Subjective concentration, memory, or intellectual difficulties without 
 neuropsychological evidence of marked impairment, 
 (d) Insomnia, 
 (e) Reduced alcohol tolerance, 
 (f) Preoccupation with above symptoms and fear of brain damage with hypochondriacal 
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CHAPTER VII: TABLES 
Table 1. Randomized Group Participant Baseline Demographic Characteristics 
Note. No significant differences were observed at baseline across groups, a=Body Mass Index, 
b=Body Fat Percentage, c=Number of concussions, d=Confidence in recognizing concussion 
























5 5 9 19 
Race     
     Caucasian 9 9 11 29 
     African American 1 0 1 2 
     Asian 
 
1 2 0 3 
College (degree) 
 
6 7 5 18 
Age (yrs.) 
 
29.73 (9.54) 30.64 (9.67) 26.25 (11.97) 28.79 (10.37) 
Height (in.) 
 
67.05 (4.06) 68.55 (3.28) 66.92 (3.44) 67.49 (3.57) 
Weight (lbs.) 
 
181.68 (40.69) 180.50 (41.34) 157.58 (33.62) 172.79 (39.07) 
BMIa 
 
26.65 (6.39) 27.21 (4.98) 24.61 (3.47) 26.08 (5.02) 
BFPb 
 
27.72 (8.36) 27.70 (7.29) 24.56 (5.62) 26.56 (7.07) 
Concussionc 
 




22.27 (23.49) 16.18 (14.91) 11.17 (16.12) 16.38 (18.51) 









































































































































































































Note. a=Hospital Anxiety and Depression Scale-Depression, b=Hospital Anxiety and Depression Scale-Anxiety, 
c=Physical Activity Self-Regulation scale, d=Barriers Self-Efficacy Scale; not administered at follow-up, e=Mindful 
Attention and Awareness Scale, f=Multifactorial Memory Questionnaire-Contentment, g=Multifactorial Memory 
Questionnaire-Ability, h=Multifactorial Memory Questionnaire-Strategies, i=Perceived Mental Fatigue scale, 
j=Godin-Shephard Leisure-Time Physical Activity Questionnaire, k=Average score from first 3 items of Rivermead 
Postconcussion Symptoms Questionnaire, l=Average score from last 13 items of Rivermead Postconcussion 
Symptoms Questionnaire 
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Table 4. Correlations of Postconcussion Symptoms and Cognitive Performance at Follow-Up 















-- -- -- -- -- -- -- -- 
RPQ-13b 
 
.63* -- -- -- -- -- -- -- 
Flanker 
 
-.19 -.38* -- -- -- -- -- -- 
List Sort 
 
-.22 -.25 .39* -- -- -- -- -- 
Pattern 
Comparison 
-.28 -.48* .64* .49* -- -- -- -- 
DCCS 
 
-.12 -.22 .78* .31 .67* -- -- -- 
Trails Ac 
 
.46* .18 -.35* -.20 -.21 -.30 -- -- 
Trails Bc 
 
.29 .33 -.37* -.41* -.47* -.38* .43* -- 
Note. * = p < .05, a=Average score from first three items of Rivermead Postconcussion 
Symptoms Questionnaire, b=Average score from last 13 items of Rivermead Postconcussion 
Symptoms Questionnaire, c=Time to complete test recorded in seconds 
Lower scores on RPQ-3 and RPQ-13 indicate greater performance on Flanker test, Pattern 



























Mobility     
   Stair Climb Up 
 
4.63 (1.48) 4.31 (0.98) 4.59 (1.03) 4.51 (1.15) 
   Stair Climb Down 
 
4.04 (1.07) 4.07 (0.99) 4.24 (1.26) 4.12 (1.09) 
   TUGa 
 
5.49 (0.78) 4.99 (0.85) 5.44 (1.03) 5.31 (0.90) 
Agility     
   Four Square Step Testb 
 
5.98 (1.13) 5.23 (0.52) 5.87 (1.24) 5.70 (1.06) 
   Dot Taskb 
 
4.27 (1.18) 3.69 (0.65) 4.33 (1.01) 4.11 (1.00) 
Balance     
   Right Leg Balancec 
 
28.42 (12.11) 28.09 (4.19) 25.35 (8.97) 27.23 (9.70) 
   Left Leg Balancec 
 
26.06 (13.68) 29.31 (2.30) 27.67 (8.07) 27.68 (9.58) 
Aerobic Endurance     
   TMST HRd 
 
120 (11.15) 119 (13.58) 108.5 (14.11) 115.62 (13.73) 
   TMST Recovery HRe 86.45 (9.92) 79.36 (7.54) 76.92 (14.04) 80. 79 (11.39) 
Note. No significant differences were observed at baseline across groups, a=The 8 ft. Up and Go 
task, b=Averaged across two trials, c=Averaged across two trials (maximum score of 30 seconds), 
d=Two-Minute Step Test Immediate Heart Rate, e=Two Minute Step Test Two-Minute Recovery 














Table 6. Baseline Correlations of Postconcussion Symptom Severity and Ancillary Functional 







































































.39* .47* .34* .36* .01 .11 .32 .13 -.22 .62* -- 
Note. * = p < .05, a=Average score from first three items of Rivermead Postconcussion 
Symptoms Questionnaire, b=Average score from last 13 items of Rivermead Postconcussion 
Symptoms Questionnaire, c=Performance score measured in time to complete task in seconds, 
d=Maximum performance of 30 seconds, e=Two-Minute Step Test Heart Rate 

































-- -- -- -- -- -- -- -- -- -- -- -- 
RPQ-13b 
 
.55* -- -- -- -- -- -- -- -- -- -- -- 
HADS-Dc 
 
.05 -.05 -- -- -- -- -- -- -- -- -- -- 
HADS-Ad 
 
-.25 -.15 .69* -- -- -- -- -- -- -- -- -- 
PASRe 
 
-.16 -.09 .05 .14 -- -- -- -- -- -- -- -- 
BSESf 
 
.03 .04 -.02 -.11 -.53* -- -- -- -- -- -- -- 
MAASg 
 
-.16 -.32 -.17 -.03 -.06 .20 -- -- -- -- -- -- 
MMQ-Ch 
 
-.05 -.26 -.35* -.04 .20 -.07 .24 -- -- -- -- -- 
MMQ-Ai 
 
-.14 .10 -.20 .05 .01 .05 .37* .65* -- -- -- -- 
MMQ-Sj 
 
-.12 .00 .18 .06 .38* -.29 -.05 -.24 -.52* -- -- -- 
PMFk 
 
.17 .36* .29 -.08 -.22 -.10 -.46* -.39* -.31 .00 -- -- 
GLTEQl 
 
-.19 -.06 -.10 -.08 .23 .10 -.21 .24 .04 -.07 .08 -- 
Note. * = p < .05, a=Average score from first three items of Rivermead Postconcussion 
Symptoms Questionnaire, b=Average score from last 13 items of Rivermead Postconcussion 
Symptoms Questionnaire, c=Hospital Anxiety and Depression Scale-Depression, d=Hospital 
Anxiety and Depression Scale-Anxiety, e=Physical Activity Self-Regulation scale, f=Barriers 
Self-Efficacy Scale, g=Mindful Attention and Awareness Scale, h=Multifactorial Memory 
Questionnaire-Contentment, i=Multifactorial Memory Questionnaire-Ability, j=Multifactorial 
Memory Questionnaire-Strategies, k=Perceived Mental Fatigue scale, l=Godin-Shephard Leisure-
Time Physical Activity Questionnaire 

















Al Sayegh, A., Sandford, D., & Carson, A. J. (2010). Psychological approaches to treatment of 
postconcussion syndrome: A systematic review. Journal of Neurology. Neurosurgery & 
Psychiatry, 81(10), 1128-1134. 
Alla, S., Sullivan, S. J., Hale, L., & McCrory, P. (2009). Self-report scales/checklists for the 
measurement of concussion symptoms: A systematic review. British Journal of Sports 
Medicine, 43(1), 3-12. 
Alsalaheen, B. A., Whitney, S. L., Marchetti, G. F., Furman, J. M., Kontos, A. P., Collins, M. 
W., & Sparto, P. J. (2016). Relationship between cognitive assessment and balance 
measures in adolescents referred for vestibular physical therapy after concussion. Clinical 
Journal of Sport Medicine, 26(1), 46-52.  
American College of Sports Medicine (2013). ACSM's guidelines for exercise testing and 
prescription. Baltimore, MD: Lippincott Williams & Wilkins. 
American College of Sports Medicine (2017). ACSM's exercise testing and prescription. 
Philadelphia, PA: Lippincott Williams & Wilkins. 
Amireault, S., & Godin, G. (2015). The Godin-Shephard leisure-time physical activity 
questionnaire: Validity evidence supporting its use for classifying healthy adults into 
active and insufficiently active categories. Perceptual and Motor Skills, 120(2), 604-622. 
Anderson-Bill, E. S., Winett, R. A., & Wojcik, J. R. (2011). Social cognitive determinants of 
nutrition and physical activity among web-health users enrolling in an online 
intervention: The influence of social support, self-efficacy, outcome expectations, and 
self-regulation. Journal of Medical Internet Research, 13(1), e28-e38.  
 114 
Anderson-Hanley, C., Arciero, P. J., Barcelos, N., Nimon, J., Rocha, T., Thurin, M., & Maloney, 
M. (2014). Executive function and self-regulated exergaming adherence among older 
adults. Frontiers in Human Neuroscience, 8, 989-1001.  
Anderson-Hanley, C., Barcelos, N. P., Zimerman, E. A., Gillen, R. W., Dunnam, M., Cohen, B. 
D., . . . Arciero, P. J. D. (2018). The Aerobic and Cognitive Exercise Study (ACES) for 
community-dwelling older adults with or at-risk for Mild Cognitive Impairment (MCI): 
Neuropsychological, neurobiological and neuroimaging outcomes of a randomized 
clinical trial. Frontiers in Aging Neuroscience, 10, 76-86.  
Anderson, E. S., Wojcik, J. R., Winett, R. A., & Williams, D. M. (2006). Social-cognitive 
determinants of physical activity: The influence of social support, self-efficacy, outcome 
expectations, and self-regulation among participants in a church-based health promotion 
study. Health Psychology, 25(4), 510-520.  
Andrews, G., Cuijpers, P., Craske, M. G., McEvoy, P., & Titov, N. (2010). Computer therapy for 
the anxiety and depressive disorders is effective, acceptable and practical health care: A 
meta-analysis. PloS One, 5(10), e13196-e13206.  
Arbuthnott, K., & Frank, J. (2000). Trail making test, part B as a measure of executive control: 
Validation using a set-switching paradigm. Journal of Clinical and Experimental 
Neuropsychology, 22(4), 518-528.  
Aron, A. R., Robbins, T. W., & Poldrack, R. A. (2004). Inhibition and the right inferior frontal 
cortex. Trends in Cognitive Sciences, 8(4), 170-177.  
Azulay, J., Smart, C. M., Mott, T., & Cicerone, K. D. (2013). A pilot study examining the effect 






injury/postconcussive syndrome. The Journal of Head Trauma Rehabilitation, 28(4), 
323-331.  
Babcock, L., Byczkowski, T., Wade, S. L., Ho, M., Mookerjee, S., & Bazarian, J. J. (2013). 
Predicting postconcussion syndrome after mild traumatic brain injury in children and 
adolescents who present to the emergency department. Journal of the American Medical 
Association: Pediatrics, 167(2), 156-161.  
Babyak, M., Blumenthal, J. A., Herman, S., Khatri, P., Doraiswamy, M., Moore, K., . . . 
Krishnan, K. R. (2000). Exercise treatment for major depression: Maintenance of 
therapeutic benefit at 10 months. Psychosomatic Medicine, 62(5), 633-638.  
Bahar-Fuchs, A., Clare, L., & Woods, B. (2013). Cognitive training and cognitive rehabilitation 
for persons with mild to moderate dementia of the Alzheimer's or vascular type: A 
review. Alzheimer's Research & Therapy, 5(4), 35-45.  
Bailey, B. W., & McInnis, K. (2011). Energy cost of exergaming: A comparison of the energy 
cost of 6 forms of exergaming. Archives of Pediatrics & Adolescent Medicine, 165(7), 
597-602.  
Baker, J., Freitas, M. S., Leddy, J. J., Kozlowski, K. F., & Willer, B. S. (2012). Return to full 
functioning after graded exercise assessment and progressive exercise treatment of 
postconcussion syndrome. Rehabilitation Research and Practice, 2012, 1-7.  
Baker, L., Frank, L. L., Foster-Schubert, K., Green, P. S., Wilkinson, C. W., McTiernan, A., . . . 
Cholerton, B. A. (2010). Effects of aerobic exercise on mild cognitive impairment: A 
controlled trial. Archives of Neurology, 67(1), 71-79.  
 116 
Balasundaram, A. P., Athens, J., Schneiders, A. G., McCrory, P., & Sullivan, S. J. (2016). The 
influence of psychological and lifestyle factors on the reporting of postconcussion-like 
symptoms. Archives of Clinical Neuropsychology, 31(3), 197-205.  
Ball, K., Berch, D. B., Helmers, K. F., Jobe, J. B., Leveck, M. D., Marsiske, M., . . . Tennstedt, 
S. L. (2002). Effects of cognitive training interventions with older adults: A randomized 
controlled trial. Journal of the American Medical Association, 288(18), 2271-2281.  
Bandura, A. (1977). Self-efficacy: Toward a unifying theory of behavioral change. 
Psychological Review, 84(2), 191-215.  
Bandura, A. (1986). Social foundation of thought and action: A social-cognitive view. New 
York, NY: Englewood Cliffs.  
Bandura, A. (1989). Human agency in social cognitive theory. American Psychologist, 44(9), 
1175-1184.  
Bandura, A. (1991). Social cognitive theory of self-regulation. Organizational Behavior and 
Human Decision Processes, 50(2), 248-287.  
Bandura, A. (2001). Social cognitive theory: An agentic perspective. Annual Review of 
Psychology, 52(1), 1-26.  
Barbey, A. K., Belli, A., Logan, A., Rubin, R., Zamroziewicz, M., & Operskalski, J. T. (2015). 
Network topology and dynamics in traumatic brain injury. Current Opinion in Behavioral 
Sciences, 4, 92-102.  
Barker-Collo, S., Theadom, A., Jones, K., Starkey, N., Kahan, M., & Feigin, V. (2018). 
Depression and anxiety across the first 4 years after mild traumatic brain injury: Findings 






Barker-Collo, S., Theadom, A., Starkey, N. J., Kahan, M., Jones, K., & Feigin, V. (2019). Long-
term factor structure of the Rivermead Post-Concussion Symptom Questionnaire in mild 
traumatic brain injury and normative sample. Brain Injury, 1-5.  
Barkhoudarian, G., Hovda, D. A., & Giza, C. C. (2011). The molecular pathophysiology of 
concussive brain injury. Clinics in Sports Medicine, 30(1), 33-48.  
Barkhoudarian, G., Hovda, D. A., & Giza, C. C. (2016). The molecular pathophysiology of 
concussive brain injury–an update. Physical Medicine and Rehabilitation Clinics, 27(2), 
373-393.  
Barlow, K. M., Crawford, S., Stevenson, A., Sandhu, S. S., Belanger, F., & Dewey, D. (2010). 
Epidemiology of postconcussion syndrome in pediatric mild traumatic brain injury. 
Pediatrics, 126(2), e374-e381.  
Barnes, D. E., Yaffe, K., Belfor, N., Jagust, W. J., DeCarli, C., Reed, B. R., & Kramer, J. H. 
(2009). Computer-based cognitive training for mild cognitive impairment: results from a 
pilot randomized, controlled trial. Alzheimer Disease and Associated Disorders, 23(3), 
205-210.  
Basak, C., Boot, W. R., Voss, M. W., & Kramer, A. F. (2008). Can training in a real-time 
strategy video game attenuate cognitive decline in older adults? Psychology and Aging, 
23(4), 765-777.  
Bediou, B., Adams, D. M., Mayer, R. E., Tipton, E., Green, C. S., & Bavelier, D. (2018). Meta-
analysis of action video game impact on perceptual, attentional, and cognitive skills. 
Psychological Bulletin, 144(1), 77-110.  
 118 
Belanger, H. G., Spiegel, E., & Vanderploeg, R. D. (2010). Neuropsychological performance 
following a history of multiple self-reported concussions: A meta-analysis. Journal of the 
International Neuropsychological Society, 16(2), 262-267.  
Belardinelli, R., Georgiou, D., Cianci, G., & Purcaro, A. (1999). Randomized, controlled trial of 
long-term moderate exercise training in chronic heart failure: Effects on functional 
capacity, quality of life, and clinical outcome. Circulation, 99(9), 1173-1182.  
Belleville, S. (2008). Cognitive training for persons with mild cognitive impairment. 
International Psychogeriatrics, 20(1), 57-66.  
Ben-Sadoun, G., Manera, V., Alvarez, J., Sacco, G., & Robert, P. (2018). Recommendations for 
the design of serious games in neurodegenerative diseases. Frontiers in Aging 
Neuroscience, 10, 13-23.  
Berchtold, N., Chinn, G., Chou, M., Kesslak, J., & Cotman, C. (2005). Exercise primes a 
molecular memory for brain-derived neurotrophic factor protein induction in the rat 
hippocampus. Neuroscience, 133(3), 853-861.  
Bergersen, K., Halvorsen, J. Ø., Tryti, E. A., Taylor, S. I., & Olsen, A. (2017). A systematic 
literature review of psychotherapeutic treatment of prolonged symptoms after mild 
traumatic brain injury. Brain Injury, 31(3), 279-289.  
Bergsneider, M., Hovda, D. A., Lee, S. M., Kelly, D. F., McArthur, D. L., Vespa, P. M., . . . 
Phelps, M. E. (2000). Dissociation of cerebral glucose metabolism and level of 
consciousness during the period of metabolic depression following human traumatic 
brain injury. Journal of Neurotrauma, 17(5), 389-401.  
Bertsch, K., Hagemann, D., Hermes, M., Walter, C., Khan, R., & Naumann, E. (2009). Resting 






Binder, L. M. (1986). Persisting symptoms after mild head injury: A review of the 
postconcussive syndrome. Journal of Clinical and Experimental Neuropsychology, 8(4), 
323-346.  
Bjelland, I., Dahl, A. A., Haug, T. T., & Neckelmann, D. (2002). The validity of the Hospital 
Anxiety and Depression Scale: An updated literature review. Journal of Psychosomatic 
Research, 52(2), 69-77.  
Bogdanova, Y., Yee, M. K., Ho, V. T., & Cicerone, K. D. (2016). Computerized cognitive 
rehabilitation of attention and executive function in acquired brain injury: A systematic 
review. The Journal of Head Trauma Rehabilitation, 31(6), 419-433.  
Boussi-Gross, R., Golan, H., Fishlev, G., Bechor, Y., Volkov, O., Bergan, J., . . . Ben-Jacob, E. 
(2013). Hyperbaric oxygen therapy can improve post concussion syndrome years after 
mild traumatic brain injury-randomized prospective trial. PloS One, 8(11), e79995-
e80000.  
Brearly, T. W., Rowland, J. A., Martindale, S. L., Shura, R. D., Curry, D., & Taber, K. H. 
(2018). Comparability of iPad and web-based NIH Toolbox Cognitive Battery 
administration in Veterans. Archives of Clinical Neuropsychology 34(4), 524-530.  
Breslow, R. A., Ballard-Barbash, R., Munoz, K., & Graubard, B. I. (2001). Long-term 
recreational physical activity and breast cancer in the National Health and Nutrition 
Examination Survey I epidemiologic follow-up study. Cancer Epidemiology and 
Prevention Biomarkers, 10(7), 805-808.  
Brewer, B. W. (1994). Review and critique of models of psychological adjustment to athletic 
injury. Journal of Applied Sport Psychology, 6(1), 87-100.  
 120 
Broglio, S. P., Collins, M. W., Williams, R. M., Mucha, A., & Kontos, A. (2015). Current and 
emerging rehabilitation for concussion: A review of the evidence. Clinics in Sports 
Medicine, 34(2), 213-231.  
Broglio, S. P., Ferrara, M., Piland, S., & Anderson, R. (2006). Concussion history is not a 
predictor of computerised neurocognitive performance. British Journal of Sports 
Medicine, 40(9), 802-805.  
Brooks, B. L., McKay, C. D., Mrazik, M., Barlow, K. M., Meeuwisse, W. H., & Emery, C. A. 
(2013). Subjective, but not objective, lingering effects of multiple past concussions in 
adolescents. Journal of Neurotrauma, 30(17), 1469-1475.  
Brown, K. W., & Ryan, R. M. (2003). The benefits of being present: Mindfulness and its role in 
psychological well-being. Journal of Personality and Social Psychology, 84(4), 822-832.  
Bruderer-Hofstetter, M., Rausch-Osthoff, A.-K., Meichtry, A., Münzer, T., & Niedermann, K. 
(2018). Effective multicomponent interventions in comparison to active control and no 
interventions on physical capacity, cognitive function and instrumental activities of daily 
living in elderly people with and without mild impaired cognition–A systematic review 
and network meta-analysis. Ageing Research Reviews, 45, 1-14.  
Buckley, J., Cohen, J. D., Kramer, A. F., McAuley, E., & Mullen, S. P. (2014). Cognitive control 
in the self-regulation of physical activity and sedentary behavior. Frontiers in Human 
Neuroscience, 747(8), 1-14. 
Bullard, T. Ji, M., An, R., Trinh, L., Mackenzie, M., & Mullen, S. P. (2019). A systematic 
review and meta-analysis of adherence to physical activity interventions among three 







Busch, C. R., & Alpern, H. P. (1998). Depression after mild traumatic brain injury: A review of 
current research. Neuropsychology Review, 8(2), 95-108.  
Buxton, R. B., Wong, E. C., & Frank, L. R. (1998). Dynamics of blood flow and oxygenation 
changes during brain activation: the balloon model. Magnetic Resonance in Medicine, 
39(6), 855-864.  
Buzzini, S. R. R., & Guskiewicz, K. M. (2006). Sport-related concussion in the young athlete. 
Current Opinion in Pediatrics, 18(4), 376-382.  
Calvert, J. W., Cahill, J., & Zhang, J. H. (2007). Hyperbaric oxygen and cerebral physiology. 
Neurological Research, 29(2), 132-141.  
Carson, J. D., Lawrence, D. W., Kraft, S. A., Garel, A., Snow, C. L., Chatterjee, A., . . . 
Moineddin, R. (2014). Premature return to play and return to learn after a sport-related 
concussion. Canadian Family Physician, 60(6), e310-e315.  
Cassidy, J. D., Cancelliere, C., Carroll, L. J., Côté, P., Hincapié, C. A., Holm, L. W., . . . 
Kristman, V. L. (2014). Systematic review of self-reported prognosis in adults after mild 
traumatic brain injury: Results of the International Collaboration on Mild Traumatic 
Brain Injury Prognosis. Archives of Physical Medicine and Rehabilitation, 95(3), S132-
S151.  
Cassidy, J. D., Carroll, L., Peloso, P., Borg, J., Von Holst, H., Holm, L., . . . Coronado, V. 
(2004). Incidence, risk factors and prevention of mild traumatic brain injury: Results of 
the WHO Collaborating Centre Task Force on Mild Traumatic Brain Injury. Journal of 
Rehabilitation Medicine, 36(0), 28-60.  
 122 
Cavanaugh, J. T., Guskiewicz, K. M., Giuliani, C., Marshall, S., Mercer, V., & Stergiou, N. 
(2005). Detecting altered postural control after cerebral concussion in athletes with 
normal postural stability. British Journal of Sports Medicine, 39(11), 805-811.  
Chan, R. C. (2001). Base rate of post-concussion symptoms among normal people and its 
neuropsychological correlates. Clinical Rehabilitation, 15(3), 266-273.  
Chase, D., Schatz, P., Smyk, N., & Franks, R. R. (2018). The stability of engagement over 
comprehensive neuropsychological assessment in student athletes diagnosed with sports 
related concussion. Developmental Neuropsychology, 43(4), 345-355.  
Chase, M. A., Magyar, T. M., & Drake, B. M. (2005). Fear of injury in gymnastics: Self-efficacy 
and psychological strategies to keep on tumbling. Journal of Sports Sciences, 23(5), 465-
475.  
Chen, J.-K., Johnston, K. M., Petrides, M., & Ptito, A. (2008). Neural substrates of symptoms of 
depression following concussion in male athletes with persisting postconcussion 
symptoms. Archives of General Psychiatry, 65(1), 81-89.  
Chin, L. M., Keyser, R. E., Dsurney, J., & Chan, L. (2015). Improved cognitive performance 
following aerobic exercise training in people with traumatic brain injury. Archives of 
Physical Medicine and Rehabilitation, 96(4), 754-759. 
Cicerone, K. D. (1996). Attention deficits and dual task demands after mild traumatic brain 
injury. Brain Injury, 10(2), 79-90.  
Clare, L., & Woods, R. T. (2004). Cognitive training and cognitive rehabilitation for people with 







Clausen, M., Pendergast, D. R., Willer, B., & Leddy, J. (2016). Cerebral blood flow during 
treadmill exercise is a marker of physiological postconcussion syndrome in female 
athletes. The Journal of Head Trauma Rehabilitation, 31(3), 215-224.  
Colcombe, S., & Kramer, A. F. (2003). Fitness effects on the cognitive function of older adults: a 
meta-analytic study. Psychological Science, 14(2), 125-130.  
Colcombe, S. J., Erickson, K. I., Scalf, P. E., Kim, J. S., Prakash, R., McAuley, E., . . . Kramer, 
A. F. (2006). Aerobic exercise training increases brain volume in aging humans. The 
Journals of Gerontology Series A: Biological Sciences and Medical Sciences, 61(11), 
1166-1170.  
Collins, M. W., Field, M., Lovell, M. R., Iverson, G., Johnston, K. M., Maroon, J., & Fu, F. H. 
(2003). Relationship between postconcussion headache and neuropsychological test 
performance in high school athletes. The American Journal of Sports Medicine, 31(2), 
168-173.  
Collins, M. W., Grindel, S. H., Lovell, M. R., Dede, D. E., Moser, D. J., Phalin, B. R., . . . 
Daugherty, M. K. (1999). Relationship between concussion and neuropsychological 
performance in college football players. Journal of the American Medical Association, 
282(10), 964-970.  
Compeau, D. R., & Higgins, C. A. (1995). Application of social cognitive theory to training for 
computer skills. Information Systems Research, 6(2), 118-143.  
CDC (2003). Report to Congress on mild traumatic brain injury in the United States: Steps to 
prevent a serious public health problem. Atlanta, GA: Centers for Disease Control and 
Prevention.  
 124 
Cotman, C. W., Berchtold, N. C., & Christie, L. A. (2007). Exercise builds brain health: Key 
roles of growth factor cascades and inflammation. Trends in Neurosciences, 30(9), 464-
472.  
Covassin, T., Elbin III, R. J., Stiller-Ostrowski, J. L., & Kontos, A. P. (2009). Immediate post-
concussion assessment and cognitive testing (ImPACT) practices of sports medicine 
professionals. Journal of Athletic Training, 44(6), 639-644.  
Dacks, P. A., Armstrong, J. J., Brannan, S. K., Carman, A. J., Green, A. M., Kirkman, M. S., . . . 
Lovestone, S. (2016). A call for comparative effectiveness research to learn whether 
routine clinical care decisions can protect from dementia and cognitive decline. 
Alzheimer's Research & Therapy, 8(1), 33-43.  
Dahlin, E., Nyberg, L., Bäckman, L., & Neely, A. S. (2008). Plasticity of executive functioning 
in young and older adults: Immediate training gains, transfer, and long-term maintenance. 
Psychology and Aging, 23(4), 720-730.  
Daneshvar, D. H., Nowinski, C. J., McKee, A. C., & Cantu, R. C. (2011). The epidemiology of 
sport-related concussion. Clinics in Sports Medicine, 30(1), 1-17.  
Daneshvar, D. H., Riley, D. O., Nowinski, C. J., McKee, A. C., Stern, R. A., & Cantu, R. C. 
(2011). Long-term consequences: Effects on normal development profile after 
concussion. Physical Medicine and Rehabilitation Clinics, 22(4), 683-700.  
Davis, F. D. (1985). A technology acceptance model for empirically testing new end-user 
information systems: Theory and results. Massachusetts Institute of Technology.    
Davis, F. D. (1989). Perceived usefulness, perceived ease of use, and user acceptance of 






Davis, F. D., Bagozzi, R. P., & Warshaw, P. R. (1989). User acceptance of computer technology: 
A comparison of two theoretical models. Management Science, 35(8), 982-1003.  
Delaney, J. S., Lacroix, V. J., Leclerc, S., & Johnston, K. M. (2002). Concussions among 
university football and soccer players. Clinical Journal of Sport Medicine, 12(6), 331-
338.  
Diamond, A., & Lee, K. (2011). Interventions shown to aid executive function development in 
children 4 to 12 years old. Science, 333(6045), 959-964.  
Dugas, M. J., & Robichaud, M. (2012). Cognitive-behavioral treatment for generalized anxiety 
disorder: From science to practice. New York, NY: Routledge. 
Duggan, M. (2015). Gaming and Gamers. Pew Research Center Internet & Technology. 
Retrieved from https://www.pewinternet.org/ 
Edwards, J. D., Wadley, V. G., Myers, R. S., Roenker, D. L., Cissell, G., M., & Ball, K. K. 
(2002). Transfer of a speed of processing intervention to near and far cognitive functions. 
Gerontology, 48(5), 329-340. 
Elkin, I., Shea, M. T., Watkins, J. T., Imber, S. D., Sotsky, S. M., Collins, J. F., . . . Docherty, J. 
P. (1989). National Institute of Mental Health treatment of depression collaborative 
research program: General effectiveness of treatments. Archives of General Psychiatry, 
46(11), 971-982.  
Ellemberg, D., Henry, L. C., Macciocchi, S. N., Guskiewicz, K. M., & Broglio, S. P. (2009). 
Advances in sport concussion assessment: From behavioral to brain imaging measures. 
Journal of Neurotrauma, 26(12), 2365-2382.  
Elliott, R. (2003). Executive functions and their disorders: Imaging in clinical neuroscience. 
British Medical Bulletin, 65(1), 49-59.  
 126 
Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., . . . White, S. 
M. (2011). Exercise training increases size of hippocampus and improves memory. 
Proceedings of the National Academy of Sciences, 108(7), 3017-3022.  
Eyres, S., Carey, A., Gilworth, G., Neumann, V., & Tennant, A. (2005). Construct validity and 
reliability of the Rivermead post-concussion symptoms questionnaire. Clinical 
Rehabilitation, 19(8), 878-887.  
Faul, M., Wald, M. M., Xu, L., & Coronado, V. G. (2010). Traumatic brain injury in the United 
States; emergency department visits, hospitalizations, and deaths, 2002-2006. CDC 
Stacks Public Health Publications, 1-101. 
Ferguson, R. J., & Mittenberg, W. (1996). Cognitive—Behavioral treatment of postconcussion 
syndrome. In: Van Hasselt V. B., Hersen, M. (eds) Sourcebook of Psychological 
Treatment Manuals for Adult Disorders. Boston, MA: Springer. 
Ferris, L. T., Williams, J. S., & Shen, C.-L. (2007). The effect of acute exercise on serum brain-
derived neurotrophic factor levels and cognitive function. Medicine & Science in Sports 
& Exercise, 39(4), 728-734.  
Fetta, J., Starkweather, A., & Gill, J. M. (2017). Computer-based cognitive rehabilitation 
interventions for traumatic brain injury: A critical review of the literature. Journal of 
Neuroscience Nursing, 49(4), 235-240.  
Fox, K. R. (1999). The influence of physical activity on mental well-being. Public Health 
Nutrition, 2(3a), 411-418.  
Gagnon, I., Grilli, L., Friedman, D., & Iverson, G. (2016). A pilot study of active rehabilitation 
for adolescents who are slow to recover from sport‐related concussion. Scandinavian 






Gagnon, I., Swaine, B., Friedman, D., & Forget, R. (2005). Exploring children's self‐efficacy 
related to physical activity performance after a mild traumatic brain injury. The Journal 
of Head Trauma Rehabilitation, 20(5), 436-449.  
Geda, Y. E., Roberts, R. O., Knopman, D. S., Christianson, T. J., Pankratz, V. S., Ivnik, R. J., . . . 
Rocca, W. A. (2010). Physical exercise, aging, and mild cognitive impairment: A 
population-based study. Archives of Neurology, 67(1), 80-86.  
Gennarelli, T., & Graham, D. (1998). Neuropathology of the Head Injuries. Seminars in Clinical 
Neuropsychiatry, 3(3), 160-175. 
Giza, C. C., & Hovda, D. A. (2001). The neurometabolic cascade of concussion. Journal of 
Athletic Training, 36(3), 228-235.  
Goble, D. J., Cone, B. L., & Fling, B. W. (2014). Using the Wii Fit as a tool for balance 
assessment and neurorehabilitation: the first half decade of “Wii-search”. Journal of 
Neuroengineering and Rehabilitation, 11(1), 12-22.  
Godin, G. (2011). The Godin-Shephard leisure-time physical activity questionnaire. The Health 
& Fitness Journal of Canada, 4(1), 18-22.  
Graves, L. E., Ridgers, N. D., Williams, K., Stratton, G., Atkinson, G., & Cable, N. T. (2010). 
The physiological cost and enjoyment of Wii Fit in adolescents, young adults, and older 
adults. Journal of Physical Activity and Health, 7(3), 393-401.  
Guskiewicz, K. M., Bruce, S. L., Cantu, R. C., Ferrara, M. S., Kelly, J. P., McCrea, M., . . . 
McLeod, T. C. V. (2004). Recommendations on management of sport-related concussion: 
Summary of the National Athletic Trainers’ Association position statement. 
Neurosurgery, 55(4), 891-896.  
 128 
Guskiewicz, K. M., Marshall, S. W., Bailes, J., McCrea, M., Cantu, R. C., Randolph, C., & 
Jordan, B. D. (2005). Association between recurrent concussion and late-life cognitive 
impairment in retired professional football players. Neurosurgery, 57(4), 719-726.  
Guskiewicz, K. M., Marshall, S. W., Bailes, J., McCrea, M., Harding, H. P., Matthews, A., . . . 
Cantu, R. C. (2007). Recurrent concussion and risk of depression in retired professional 
football players. Medicine and Science in Sports and Exercise, 39(6), 903-909.  
Guskiewicz, K. M., McCrea, M., Marshall, S. W., Cantu, R. C., Randolph, C., Barr, W., . . . 
Kelly, J. P. (2003). Cumulative effects associated with recurrent concussion in collegiate 
football players: The NCAA Concussion Study. Journal of the American Medical 
Association, 290(19), 2549-2555.  
Guskiewicz, K. M., Weaver, N. L., Padua, D. A., & Garrett, W. E. (2000). Epidemiology of 
concussion in collegiate and high school football players. The American Journal of 
Sports Medicine, 28(5), 643-650.  
Guskiewicz, K. M. (2011). Balance assessment in the management of sport-related concussion. 
Clinics in Sports Medicine, 30(1), 89-102. 
Hall, P. A., Elias, L. J., Fong, G. T., Harrison, A. H., Borowsky, R., & Sarty, G. E. (2008). A 
social neuroscience perspective on physical activity. Journal of Sport and Exercise 
Psychology, 30(4), 432-449.  
Harch, P. G., Andrews, S. R., Fogarty, E. F., Amen, D., Pezzullo, J. C., Lucarini, J., . . . Van 
Meter, K. W. (2012). A phase I study of low-pressure hyperbaric oxygen therapy for 
blast-induced post-concussion syndrome and post-traumatic stress disorder. Journal of 






Hariri, A. R., Bookheimer, S. Y., & Mazziotta, J. C. (2000). Modulating emotional responses: 
Effects of a neocortical network on the limbic system. Neuroreport, 11(1), 43-48.  
Harmer, C. J., Goodwin, G. M., & Cowen, P. J. (2009). Why do antidepressants take so long to 
work? A cognitive neuropsychological model of antidepressant drug action. The British 
Journal of Psychiatry, 195(2), 102-108.  
Harmon, K. G., Drezner, J. A., Gammons, M., Guskiewicz, K. M., Halstead, M., Herring, S. A., . 
. . Roberts, W. O. (2013). American Medical Society for Sports Medicine position 
statement: Concussion in sport. British Journal of Sports Medicine, 47(1), 15-26.  
Haskell, W. L., Lee, I.-M., Pate, R. R., Powell, K. E., Blair, S. N., Franklin, B. A., . . . Bauman, 
A. (2007). Physical activity and public health: Updated recommendation for adults from 
the American College of Sports Medicine and the American Heart Association. 
Circulation, 116(9), 1081-1093.  
Heaton, R. K., Akshoomoff, N., Tulsky, D., Mungas, D., Weintraub, S., Dikmen, S., . . . Slotkin, 
J. (2014). Reliability and validity of composite scores from the NIH Toolbox Cognition 
Battery in adults. Journal of the International Neuropsychological Society, 20(6), 588-
598.  
Henry, L. C., Tremblay, S., & De Beaumont, L. (2017). Long-term effects of sports concussions: 
Bridging the neurocognitive repercussions of the injury with the newest neuroimaging 
data. The Neuroscientist, 23(5), 567-578.  
Hertzog, C., Kramer, A. F., Wilson, R. S., & Lindenberger, U. (2008). Enrichment effects on 
adult cognitive development: Can the functional capacity of older adults be preserved and 
enhanced? Psychological Science in the Public Interest, 9(1), 1-65.  
 130 
Hillman, C. H., Erickson, K. I., & Kramer, A. F. (2008). Be smart, exercise your heart: Exercise 
effects on brain and cognition. Nature Reviews Neuroscience, 9(1), 58-65.  
Hocke, L. M., Duszynski, C. C., Debert, C. T., Dleikan, D., & Dunn, J. F. (2018). Reduced 
functional connectivity in adults with persistent post-concussion symptoms: A functional 
near-infrared spectroscopy study. Journal of Neurotrauma, 35(11), 1224-1232.  
Hoge, C. W., McGurk, D., Thomas, J. L., Cox, A. L., Engel, C. C., & Castro, C. A. (2008). Mild 
traumatic brain injury in US soldiers returning from Iraq. New England Journal of 
Medicine, 358(5), 453-463.  
Hoshi, Y., Kosaka, S., Xie, Y., Kohri, S., & Tamura, M. (1998). Relationship between 
fluctuations in the cerebral hemoglobin oxygenation state and neuronal activity under 
resting conditions in man. Neuroscience Letters, 245(3), 147-150.  
Hovda, D., Lee, S., Smith, M., Von Stuck, S., Bergsneider, M., Kelly, D., . . . Mazziotta, J. 
(1995). The neurochemical and metabolic cascade following brain injury: moving from 
animal models to man. Journal of Neurotrauma, 12(5), 903-906.  
Ingebrigtsen, T., Romner, B., & Kock-Jensen, C. (2000). Scandinavian guidelines for initial 
management of minimal, mild, and moderate head injuries. Journal of Trauma and Acute 
Care Surgery, 48(4), 760-766.  
Ingebrigtsen, T., Waterloo, K., Marup-Jensen, S., Attner, E., & Romner, B. (1998). 
Quantification of post-concussion symptoms 3 months after minor head injury in 100 
consecutive patients. Journal of Neurology, 245(9), 609-612.  
Iverson, G. L. (2006). Misdiagnosis of the persistent postconcussion syndrome in patients with 






Iverson, G. L., Gaetz, M., Lovell, M. R., & Collins, M. W. (2004). Cumulative effects of 
concussion in amateur athletes. Brain Injury, 18(5), 433-443.  
Iversion, G. L., Brooks, B. L., Ashton, V. L., & Lange, R. T. (2010). Interview versus 
questionnaire symptom reporting in people with the postconcussion syndrome. The 
Journal of Head Trauma Rehabilitation, 25(1), 23-30. 
Jaeggi, S. M., Buschkuehl, M., Jonides, J., & Shah, P. (2011). Short-and long-term benefits of 
cognitive training. Proceedings of the National Academy of Sciences, 108(25), 10081-
10086.  
Jean, L., Bergeron, M.-È., Thivierge, S., & Simard, M. (2010). Cognitive intervention programs 
for individuals with mild cognitive impairment: systematic review of the literature. The 
American Journal of Geriatric Psychiatry, 18(4), 281-296.  
Jones, T. M., Dean, C. M., Hush, J. M., Dear, B. F., & Titov, N. (2015). A systematic review of 
the efficacy of self-management programs for increasing physical activity in community-
dwelling adults with acquired brain injury (ABI). Systematic Reviews, 4(1), 51-61.  
Kable, J. W., Caulfield, M. K., Falcone, M., McConnell, M., Bernardo, L., Parthasarathi, T., . . . 
Hornik, R. (2017). No effect of commercial cognitive training on neural activity during 
decision-making. Journal of Neuroscience, 2832-2816.  
Kaiser, R. H., Andrews-Hanna, J. R., Wager, T. D., & Pizzagalli, D. A. (2015). Large-scale 
network dysfunction in major depressive disorder: A meta-analysis of resting-state 
functional connectivity. Journal of the American Medical Association: Psychiatry, 72(6), 
603-611.  
 132 
Kane, M. J., & Engle, R. W. (2002). The role of prefrontal cortex in working-memory capacity, 
executive attention, and general fluid intelligence: An individual-differences perspective. 
Psychonomic Bulletin & Review, 9(4), 637-671.  
Kashluba, S., Casey, J. E., & Paniak, C. (2006). Evaluating the utility of ICD-10 diagnostic 
criteria for postconcussion syndrome following mild traumatic brain injury. Journal of 
the International Neuropsychological Society, 12(1), 111-118.  
Kato, T., Kanemaru, A., Sugawara, Y., Kawaji, Y., Hiraoka, T., Honda, T., . . . Yamazaki, R. 
(2017). A combination intervention (cognitive training and physical exercise) could 
improve or maintain cognitive functioning in MCI subjects. Journal of the Neurological 
Sciences, 381, 668.  
Kelly, K. D., Lissel, H. L., Rowe, B. H., Vincenten, J. A., & Voaklander, D. C. (2001). Sport and 
recreation-related head injuries treated in the emergency department. Clinical Journal of 
Sport Medicine, 11(2), 77-81.  
Kelly, M. E., Loughrey, D., Lawlor, B. A., Robertson, I. H., Walsh, C., & Brennan, S. (2014). 
The impact of cognitive training and mental stimulation on cognitive and everyday 
functioning of healthy older adults: A systematic review and meta-analysis. Ageing 
Research Reviews, 15, 28-43.  
Kesler, S., Hosseini, S. H., Heckler, C., Janelsins, M., Palesh, O., Mustian, K., & Morrow, G. 
(2013). Cognitive training for improving executive function in chemotherapy-treated 
breast cancer survivors. Clinical Breast Cancer, 13(4), 299-306.  
Kim, Y. H., Yoo, W. K., Ko, M. H., Park, C. H., Kim, S. T., & Na, D. L. (2009). Plasticity of the 
attentional network after brain injury and cognitive rehabilitation. Neurorehabilitation 






King, N., Crawford, S., Wenden, F., Moss, N., & Wade, D. (1995). The Rivermead Post 
Concussion Symptoms Questionnaire: A measure of symptoms commonly experienced 
after head injury and its reliability. Journal of Neurology, 242(9), 587-592.  
Kinnaman, K. A., Mannix, R. C., Dawn Comstock, R., & Meehan, W. P. (2013). Management 
strategies and medication use for treating paediatric patients with concussions. Acta 
Paediatrica, 102(9), e434-e428.  
Kisler, K., Nelson, A. R., Montagne, A., & Zlokovic, B. V. (2017). Cerebral blood flow 
regulation and neurovascular dysfunction in Alzheimer disease. Nature Reviews 
Neuroscience, 18(7), 419-429.  
Klingberg, T. (2010). Training and plasticity of working memory. Trends in Cognitive Sciences, 
14(7), 317-324.  
Knowler, W.C., Barrett-Connor, E., Fowler, S. E., Hamman, R. F., Lachin, J. M., Walker, E. A., 
& Nathan, D. M. (2002). Reduction in the incidence of type 2 diabetes with lifestyle 
intervention or metformin. New England Journal of Medicine, 2002(346), 393-403.  
Konrad, C., Geburek, A., Rist, F., Blumenroth, H., Fischer, B., Husstedt, I., . . . Lohmann, H. 
(2011). Long-term cognitive and emotional consequences of mild traumatic brain injury. 
Psychological Medicine, 41(6), 1197-1211.  
Kontos, A. P., Elbin, R., Schatz, P., Covassin, T., Henry, L., Pardini, J., & Collins, M. W. 
(2012). A revised factor structure for the post-concussion symptom scale: Baseline and 
postconcussion factors. The American Journal of Sports Medicine, 40(10), 2375-2384.  
Kontos, A. P., Sufrinko, A., Womble, M., & Kegel, N. (2016). Neuropsychological assessment 
following concussion: An evidence‐based review of the role of neuropsychological 
assessment pre-and post-concussion. Current Pain and Headache Reports, 20(6), 38-48.  
 134 
Korn, A., Golan, H., Melamed, I., Pascual-Marqui, R., & Friedman, A. (2005). Focal cortical 
dysfunction and blood–brain barrier disruption in patients with postconcussion syndrome. 
Journal of Clinical Neurophysiology, 22(1), 1-9.  
Kozlowski, K. F., Graham, J., Leddy, J. J., Devinney-Boymel, L., & Willer, B. S. (2013). 
Exercise intolerance in individuals with postconcussion syndrome. Journal of Athletic 
Training, 48(5), 627-635.  
Kraft, E. (2012). Cognitive function, physical activity, and aging: Possible biological links and 
implications for multimodal interventions. Aging, Neuropsychology, and Cognition, 19(1-
2), 248-263.  
Kramer, A. F., Hahn, S., Cohen, N. J., Banich, M. T., McAuley, E., Harrison, C. R., . . . Boileau, 
R. A. (1999). Ageing, fitness and neurocognitive function. Nature, 400(6743), 418.  
Kramer, A. F., Hahn, S., & Gopher, D. (1999). Task coordination and aging: Explorations of 
executive control processes in the task switching paradigm. Acta Psychologica, 101(2-3), 
339-378.  
Kueider, A. M., Parisi, J. M., Gross, A. L., & Rebok, G. W. (2012). Computerized cognitive 
training with older adults: A systematic review. PloS One, 7(7), e40588-e40598.  
Laker, S. R. (2011). Epidemiology of concussion and mild traumatic brain injury. Prevention 
Medicine & Rehabilitation, 3(10), S354-S358.  
Lal, A., Kolakowsky-Hayner, S., Ghajar, J., Vazquez, O., & Balamane, M. (2017). A systematic 
review and meta-analysis on the role of exercise or rest in patients with concussion and 
mild traumatic brain injury. British Journal of Sports Medicine, 51(11), A83-A93.  
Lambert, M. J., & Bergin, A. E. (1994). The effectiveness of psychotherapy. Handbook of 






Landau, J., & Hissett, J. (2008). Mild traumatic brain injury: Impact on identity and ambiguous 
loss in the family. Families, Systems, & Health, 26(1), 69-85.  
Langlois, J. A., Rutland-Brown, W., & Wald, M. M. (2006). The epidemiology and impact of 
traumatic brain injury: A brief overview. The Journal of Head Trauma Rehabilitation, 
21(5), 375-378.  
Larrabee, G. J. (2012). Performance validity and symptom validity in neuropsychological 
assessment. Journal of the International Neuropsychological Society, 18(4), 625-630.  
Lau, P. W., Lau, E. Y., Wong, D. P., & Ransdell, L. (2011). A systematic review of information 
and communication technology–based interventions for promoting physical activity 
behavior change in children and adolescents. Journal of Medical Internet Research, 
13(3), e48-e58.  
Lauenroth, A., Ioannidis, A. E., & Teichmann, B. (2016). Influence of combined physical and 
cognitive training on cognition: A systematic review. BMC Geriatrics, 16(1), 141-151.  
Lautenschlager, N. T., Cox, K. L., Flicker, L., Foster, J. K., van Bockxmeer, F. M., Xiao, J., . . . 
Almeida, O. P. (2008). Effect of physical activity on cognitive function in older adults at 
risk for Alzheimer disease: A randomized trial. Journal of the American Medical 
Association, 300(9), 1027-1037.  
Law, L. L., Barnett, F., Yau, M. K., & Gray, M. A. (2014). Effects of combined cognitive and 
exercise interventions on cognition in older adults with and without cognitive 
impairment: A systematic review. Ageing Research Reviews, 15, 61-75.  
Leddy, J. J., Baker, J. G., Kozlowski, K., Bisson, L., & Willer, B. (2011). Reliability of a graded 
exercise test for assessing recovery from concussion. Clinical Journal of Sport Medicine, 
21(2), 89-94.  
 136 
Leddy, J. J., Cox, J. L., Baker, J. G., Wack, D. S., Pendergast, D. R., Zivadinov, R., & Willer, B. 
(2013). Exercise treatment for postconcussion syndrome: A pilot study of changes in 
functional magnetic resonance imaging activation, physiology, and symptoms. The 
Journal of Head Trauma Rehabilitation, 28(4), 241-249.  
Leddy, J. J., Haider, M. N., Ellis, M. J., Mannix, R., Darling, S. R., Freitas, M. S., . . . Willer, B. 
(2019). Early subthreshold aerobic exercise for sport-related concussion: A randomized 
clinical trial. Journal of the American Medical Association: Pediatrics, 173(4), 319-325.  
Leddy, J. J., Hinds, A., Sirica, D., & Willer, B. (2016). The role of controlled exercise in 
concussion management. Physical Medicine & Prevention, 8(3), S91-S100.  
Leddy, J. J., Kozlowski, K., Donnelly, J. P., Pendergast, D. R., Epstein, L. H., & Willer, B. 
(2010). A preliminary study of subsymptom threshold exercise training for refractory 
post-concussion syndrome. Clinical Journal of Sport Medicine, 20(1), 21-27.  
Leddy, J. J., Kozlowski, K., Fung, M., Pendergast, D. R., & Willer, B. (2007). Regulatory and 
autoregulatory physiological dysfunction as a primary characteristic of post concussion 
syndrome: Implications for treatment. NeuroRehabilitation, 22(3), 199-205.  
Leddy, J. J., Sandhu, H., Sodhi, V., Baker, J. G., & Willer, B. (2012). Rehabilitation of 
concussion and post-concussion syndrome. Sports Health, 4(2), 147-154.  
Legris, P., Ingham, J., & Collerette, P. (2003). Why do people use information technology? A 
critical review of the technology acceptance model. Information & Management, 40(3), 
191-204.  
Lew, H. L., Tun, C., & Cifu, D. X. (2009). Prevalence of chronic pain, posttraumatic stress 
disorder, and persistent postconcussive symptoms in OIF/OEF veterans: Polytrauma 






Lewelt, W., Jenkins, L., & Miller, J. D. (1980). Autoregulation of cerebral blood flow after 
experimental fluid percussion injury of the brain. Journal of Neurosurgery, 53(4), 500-
511.  
Lezak, M. D., Howieson, D. B., Loring, D. W., & Fischer, J. S. (2004). Neuropsychological 
Assessment. New York, NY: Oxford University Press. 
Li, K. Z., Roudaia, E., Lussier, M., Bhere, L., Leroux, A., & McKinley, P. A. (2010). Benefits of 
cognitive dual-task training on balance performance in healthy older adults. Journals of 
Gerontology Series A: Biomedical Sciences and Medical Sciences, 65(12), 1344-1352. 
Lieberman, M. D. (2007). Social cognitive neuroscience: A review of core processes. Annual 
Reviews of Psychology., 58, 259-289.  
Lovell, M. R., & Collins, M. W. (1998). Neuropsychological assessment of the college football 
player. The Journal of Head Trauma Rehabilitation, 13(2), 9-26.  
Lovell, M. R., Iverson, G. L., Collins, M. W., Podell, K., Johnston, K. M., Pardini, D., . . . 
Maroon, J. C. (2006). Measurement of symptoms following sports-related concussion: 
Reliability and normative data for the post-concussion scale. Applied Neuropsychology, 
13(3), 166-174.  
Lowensteyn, I., Coupal, L., Zowall, H., & Grover, S. A. (2000). The cost-effectiveness of 
exercise training for the primary and secondary prevention of cardiovascular disease. 
Journal of Cardiopulmonary Rehabilitation and Prevention, 20(3), 147-155.  
Lundin, A., de Boussard, C., Edman, G., & Borg, J. (2006). Symptoms and disability until 3 
months after mild TBI. Brain Injury, 20(8), 799-806.  
 138 
Mac Donald, C. L., Johnson, A. M., Cooper, D., Nelson, E. C., Werner, N. J., Shimony, J. S., . . . 
Fang, R. (2011). Detection of blast-related traumatic brain injury in US military 
personnel. New England Journal of Medicine, 364(22), 2091-2100.  
Macko, R. F., Ivey, F. M., Forrester, L. W., Hanley, D., Sorkin, J. D., Katzel, L. I., … & 
Goldberg, A. P. (2005). Treadmill exercise rehabilitation improves ambulatory function 
and cardiovascular fitness in patients with chronic stroke: A randomized, controlled trial. 
Stroke, 36(10), 2206-2211. 
Mainwaring, L. (2011). Short-term and extended emotional correlates of concussion. The 
Handbook of Sport Neuropsychology, 251-273.  
Majerske, C. W., Mihalik, J. P., Ren, D., Collins, M. W., Reddy, C. C., Lovell, M. R., & 
Wagner, A. K. (2008). Concussion in sports: Postconcussive activity levels, symptoms, 
and neurocognitive performance. Journal of Athletic Training, 43(3), 265-274.  
Malojcic, B., Mubrin, Z., Coric, B., Susnic, M., & Spilich, G. J. (2008). Consequences of mild 
traumatic brain injury on information processing assessed with attention and short-term 
memory tasks. Journal of Neurotrauma, 25(1), 30-37.  
Manera, V., Ben-Sadoun, G., Aalbers, T., Agopyan, H., Askenazy, F., Benoit, M., . . . Bremond, 
F. (2017). Recommendations for the use of serious games in neurodegenerative disorders: 
2016 Delphi panel. Frontiers in Psychology, 8, 1243-1253.  
Marcora, S. M., Staiano, W., & Manning, V. (2009). Mental fatigue impairs physical 
performance in humans. Journal of Applied Physiology, 106(3), 857-864.  
Maroon, J. C., Lovell, M. R., Norwig, J., Podell, K., Powell, J. W., & Hartl, R. (2000). Cerebral 







Martini, D. N., & Broglio, S. P. (2017). Long-term effects of sport concussion on cognitive and 
motor performance: A review. International Journal of Psychophysiology, 132, 25-30.  
Maugans, T. A., Farley, C., Altaye, M., Leach, J., & Cecil, K. M. (2012). Pediatric sports-related 
concussion produces cerebral blood flow alterations. Pediatrics, 129(1), 28-37.  
Mayers, L. B. (2013). Outcomes of sport-related concussion among college athletes. The Journal 
of Neuropsychiatry and Clinical Neurosciences, 25(2), 115-119.  
McAllister, T. W., Saykin, A., Flashman, L., Sparling, M., Johnson, S., Guerin, S., . . . Yanofsky, 
N. (1999). Brain activation during working memory 1 month after mild traumatic brain 
injury: A functional MRI study. Neurology, 53(6), 1300-1300.  
McAuley, E. (1993). Self-efficacy and the maintenance of exercise participation in older adults. 
Journal of Behavioral Medicine, 16(1), 103-113.  
McAuley, E., & Blissmer, B. (2000). Self-efficacy determinants and consequences of physical 
activity. Exercise Sport Science Review, 28(2), 85-88.  
McAuley, E., Jerome, G. J., Elavsky, S., Marquez, D. X., & Ramsey, S. N. (2003). Predicting 
long-term maintenance of physical activity in older adults. Preventive Medicine, 37(2), 
110-118.  
McAuley, E., Morris, K. S., Motl, R. W., Hu, L., Konopack, J. F., & Elavsky, S. (2007). Long-
term follow-up of physical activity behavior in older adults. Health Psychology, 26(3), 
375-380.  
McAuley, E., Mullen, S. P., Szabo, A. N., White, S. M., Wójcicki, T. R., Mailey, E. L., . . . 
Erickson, K. (2011a). Self-regulatory processes and exercise adherence in older adults. 
American Journal of Preventive Medicine, 41(3), 284-290.  
 140 
McAuley, E., Mullen, S. P., Szabo, A. N., White, S. M., Wójcicki, T. R., Mailey, E. L., . . . 
Erickson, K. (2011b). Self-regulatory processes and exercise adherence in older adults: 
Executive function and self-efficacy effects. American Journal of Preventive Medicine, 
41(3), 284-290.  
McCallum, S., & Boletsis, C. (2013). Dementia Games: A literature review of dementia-related 
Serious Games. Serious Games Development and Applications. New York, NY: Springer. 
McCauley, S. R., Boake, C., Pedroza, C., Brown, S. A., Levin, H. S., Goodman, H. S., & Merritt, 
S. G. (2008). Correlates of persistent postconcussional disorder: DSM-IV criteria versus 
ICD-10. Journal of Clinical and Experimental Neuropsychology, 30(3), 360-379.  
McCrea, M., Broshek, D. K., & Barth, J. T. (2015). Sports concussion assessment and 
management: Future research directions. Brain Injury, 29(2), 276-282.  
McCrea, M., Guskiewicz, K. M., Marshall, S. W., Barr, W., Randolph, C., Cantu, R. C., . . . 
Kelly, J. P. (2003). Acute effects and recovery time following concussion in collegiate 
football players: The NCAA Concussion Study. Journal of the American Medical 
Association, 290(19), 2556-2563.  
McCrea, M., Hammeke, T., Olsen, G., Leo, P., & Guskiewicz, K. (2004). Unreported concussion 
in high school football players: Implications for prevention. Clinical Journal of Sport 
Medicine, 14(1), 13-17.  
McCrory, P. (2001). New treatments for concussion: the next millennium beckons. Clinical 
Journal of Sport Medicine, 11(3), 190-193.  
McCrory, P., Johnston, K., Meeuwisse, W., Aubry, M., Cantu, R., Dvorak, J., . . . Schamasch, P. 
(2005). Summary and agreement statement of the 2nd International Conference on 






McCrory, P., Meeuwisse, W., Dvorak, J., Aubry, M., Bailes, J., Broglio, S., . . . Castellani, R. J. 
(2017). Consensus statement on concussion in sport—the 5th international conference on 
concussion in sport held in Berlin, October 2016. British Journal of Sports Medicine, 
51(11), 838-847. 
McCrory, P., Meeuwisse, W., Johnston, K., Dvorak, J., Aubry, M., Molloy, M., & Cantu, R. 
(2009). Consensus statement on Concussion in Sport–the 3rd International Conference on 
Concussion in Sport held in Zurich, November 2008. South African Journal of Sports 
Medicine, 21(2) 36-46.  
McCrory, P., Meeuwisse, W. H., Aubry, M., Cantu, B., Dvořák, J., Echemendia, R. J., . . . 
Raftery, M. (2013). Consensus statement on concussion in sport: the 4th International 
Conference on Concussion in Sport held in Zurich, November 2012. British Journal of 
Sports Medicine, 47(5), 250-258.  
McCrory, P., Ariens, M., & Berkovic, S. F. (2000). The nature and duration of acute concussive 
symptoms in Australian football. Clinical Journal of Sport Medicine, 10(4), 235-238.  
McLeod, T. C. V., & Gioia, G. A. (2010). Cognitive rest: The often neglected aspect of 
concussion management. Athletic Therapy Today, 15(2), 1-3.  
McLeod, T. C. V., & Leach, C. (2012). Psychometric properties of self-report concussion scales 
and checklists. Journal of Athletic Training, 47(2), 221-223. 
Medana, I., & Esiri, M. (2003). Axonal damage: a key predictor of outcome in human CNS 
diseases. Brain, 126(3), 515-530.  
Meier, T. B., Bellgowan, P. S., Singh, R., Kuplicki, R., Polanski, D. W., & Mayer, A. R. (2015). 
Recovery of cerebral blood flow following sports-related concussion. Journal of the 
American Medical Association: Neurology, 72(5), 530-538.  
 142 
Miller, R. S., Weaver, L. K., Bahraini, N., Churchill, S., Price, R. C., Skiba, V., . . . Liu, J. 
(2015). Effects of hyperbaric oxygen on symptoms and quality of life among service 
members with persistent postconcussion symptoms: A randomized clinical trial. Journal 
of the American Medical Association: Internal Medicine, 175(1), 43-52.  
Mittenberg, W., & Burton, D. B. (1994). A survey of treatments for post-concussion syndrome. 
Brain Injury, 8(5), 429-437.  
Mittenberg, W., Canyock, E. M., Condit, D., & Patton, C. (2001). Treatment of post-concussion 
syndrome following mild head injury. Journal of Clinical and Experimental 
Neuropsychology, 23(6), 829-836.  
Mittenberg, W., & Strauman, S. (2000). Diagnosis of mild head injury and the postconcussion 
syndrome. The Journal of Head Trauma Rehabilitation, 15(2), 783-791.  
Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., & Wager, T. D. 
(2000). The unity and diversity of executive functions and their contributions to complex 
“frontal lobe” tasks: A latent variable analysis. Cognitive Psychology, 41(1), 49-100.  
Montagne, A., Barnes, S. R., Sweeney, M. D., Halliday, M. R., Sagare, A. P., Zhao, Z., . . . 
Amezcua, L. (2015). Blood-brain barrier breakdown in the aging human hippocampus. 
Neuron, 85(2), 296-302.  
Mooney, G., & Speed, J. (2001). The association between mild traumatic brain injury and 
psychiatric conditions. Brain Injury, 15(10), 865-877.  
Moore, G., Durstine, J. L., Painter, P., & Medicine, A. C. o. S. (2016). ACSM's Exercise 







Moser, R. S., Glatts, C., & Schatz, P. (2012). Efficacy of immediate and delayed cognitive and 
physical rest for treatment of sports-related concussion. The Journal of Pediatrics, 
161(5), 922-926. 
Motl, R. W., & McAuley, E. (2014). Physical activity and health-related quality of life over time 
in adults with multiple sclerosis. Rehabilitation Psychology, 59(4), 415-421.  
Moy Martin, E. M., Schwab, K., Malik, S., Cooper, D. B., Curtiss, G., Armistead-Jehle, P., . . . 
Bowles, A. O. (2018). Neuropsychological performance and subjective symptom 
reporting in military service members with a history of multiple concussions: 
Comparison with a single concussion, posttraumatic stress disorder, and orthopedic 
trauma. Journal of Head Trauma Rehabilitation, 33(2), 81-90.  
Mullen, S. P., Wójcicki, T. R., Mailey, E. L., Szabo, A. N., Gothe, N. P., Olson, E. A., … & 
McAuley, E. (2013). A profile for predicting attrition from exercise in older adults. 
Prevention Science, 14(5), 489-496. 
Nelson, M. E., Rejeski, W. J., Blair, S. N., Duncan, P. W., Judge, J. O., King, A. C., . . . 
Castaneda-Sceppa, C. (2007). Physical activity and public health in older adults: 
recommendation from the American College of Sports Medicine and the American Heart 
Association. Circulation, 116(9), 1094-1105.  
Niklas, A., Brock, D., Schober, R., Schulz, A., & Schneider, D. (2004). Continuous 
measurements of cerebral tissue oxygen pressure during hyperbaric oxygenation—HBO 
effects on brain edema and necrosis after severe brain trauma in rabbits. Journal of the 
Neurological Sciences, 219(1), 77-82.  
 144 
Niogi, S. N., Mukherjee, P., Ghajar, J., Johnson, C. E., Kolster, R., Lee, H., . . . McCandliss, B. 
D. (2008). Structural dissociation of attentional control and memory in adults with and 
without mild traumatic brain injury. Brain, 131(12), 3209-3221.  
Ochsner, K. N., & Lieberman, M. D. (2001). The emergence of social cognitive neuroscience. 
American Psychologist, 56(9), 717-734.  
Ogoh, S. (2008). Autonomic control of cerebral circulation: Exercise. Medicine and Science in 
Sports and Exercise, 40(12), 2046-2054.  
Ogoh, S., & Ainslie, P. N. (2009). Cerebral blood flow during exercise: Mechanisms of 
regulation. Journal of Applied Physiology, 107(5), 1370-1380.  
Olson, E. A., & McAuley, E. (2015). Impact of a brief intervention on self-regulation, self-
efficacy and physical activity in older adults with type 2 diabetes. Journal of Behavioral 
Medicine, 38(6), 886-898.  
Ommaya, A. K., Ommaya, A. K., Dannenberg, A. L., & Salazar, A. M. (1996). Causation, 
incidence, and costs of traumatic brain injury in the US military medical system. Journal 
of Trauma and Acute Care Surgery, 40(2), 211-217.  
Park, E., & del Pobil, A. P. (2013). Technology acceptance model for the use of tablet PCs. 
Wireless Personal Communications, 73(4), 1561-1572.  
Penedo, F. J., & Dahn, J. R. (2005). Exercise and well-being: A review of mental and physical 
health benefits associated with physical activity. Current Opinion in Psychiatry, 18(2), 
189-193.  
Perry, J. C., Banon, E., & Ianni, F. (1999). Effectiveness of psychotherapy for personality 






Petchprapai, N., & Winkelman, C. (2007). Mild traumatic brain injury: Determinants and 
subsequent quality of life. A review of the literature. Journal of Neuroscience Nursing, 
39(5), 260-272.  
Petruzzello, S. J., Landers, D. M., Hatfield, B. D., Kubitz, K. A., & Salazar, W. (1991). A meta-
analysis on the anxiety-reducing effects of acute and chronic exercise. Sports Medicine, 
11(3), 143-182.  
Piercy, K. L., Troiano, R. P., Ballard, R. M., Carlson, S. A., Fulton, J. E., Galuska, D. A., … & 
Olson, R. D. (2018). The physical activity guidelines for Americans. Journal of the 
American Medical Association, 320(19), 2020-2028. 
Podlog, L., & Eklund, R. C. (2005). Return to sport after serious injury: A retrospective 
examination of motivation and psychological outcomes. Journal of Sport Rehabilitation, 
14(1), 20-34.  
Potter, S., Leigh, E., Wade, D., & Fleminger, S. (2006). The Rivermead post concussion 
symptoms questionnaire. Journal of Neurology, 253(12), 1603-1614.  
Povlishock, J. T., & Katz, D. I. (2005). Update of neuropathology and neurological recovery 
after traumatic brain injury. The Journal of Head Trauma Rehabilitation, 20(1), 76-94.  
Rajkowska, G., Miguel-Hidalgo, J. J., Wei, J., Dilley, G., Pittman, S. D., Meltzer, H. Y., . . . 
Stockmeier, C. A. (1999). Morphometric evidence for neuronal and glial prefrontal cell 
pathology in major depression. Biological Psychiatry, 45(9), 1085-1098.  
Reijnders, J., van Heugten, C., & van Boxtel, M. (2013). Cognitive interventions in healthy older 
adults and people with mild cognitive impairment: A systematic review. Ageing Research 
Reviews, 12(1), 263-275.  
 146 
Reinert, M., Barth, A., Rothen, H., Schaller, B., Takala, J., & Seiler, R. (2003). Effects of 
cerebral perfusion pressure and increased fraction of inspired oxygen on brain tissue 
oxygen, lactate and glucose in patients with severe head injury. Acta Neurochirurgica, 
145(5), 341-350.  
Rhodes, R. E., & Dickau, L. (2012). Moderators of the intention-behaviour relationship in the 
physical activity domain: A systematic review. British Journal of Sports Medicine, 47(4) 
215-225.  
Rhodes, R. E., & Pfaeffli, L. A. (2010). Mediators of physical activity behaviour change among 
adult non-clinical populations: A review update. International Journal of Behavioral 
Nutrition and Physical Activity, 7(1), 37-50.  
Ritter, K. G., Hussey, M. J., & Valovich McLeod, T. C. (2019). Subsymptomatic aerobic 
exercise for patients with postconcussion syndrome: A critically appraised topic. Journal 
of Sport Rehabilitation, 28(2), 211-216.  
Rogers, L. Q., Courneya, K. S., Anton, P. M., Hopkins-Price, P., Verhulst, S., Vicari, S. K., . . . 
McAuley, E. (2015). Effects of the BEAT Cancer physical activity behavior change 
intervention on physical activity, aerobic fitness, and quality of life in breast cancer 
survivors: A multicenter randomized controlled trial. Breast Cancer Research and 
Treatment, 149(1), 109-119.  
Ryan, L. M., & Warden, D. L. (2003). Post concussion syndrome. International Review of 
Psychiatry, 15(4), 310-316.  
Sala, G., Tatlidil, K. S., & Gobet, F. (2018). Video game training does not enhance cognitive 







Sandel, N., Reynolds, E., Cohen, P. E., Gillie, B. L., & Kontos, A. P. (2017). Anxiety and mood 
clinical profile following sport-related concussion: From risk factors to treatment. Sport, 
Exercise, and Performance Psychology, 6(3), 304-323.  
Schatz, P., Pardini, J. E., Lovell, M. R., Collins, M. W., & Podell, K. (2006). Sensitivity and 
specificity of the ImPACT Test Battery for concussion in athletes. Archives of Clinical 
Neuropsychology, 21(1), 91-99.  
Scheenen, M. E., Visser-Keizer, A. C., de Koning, M. E., van der Horn, H. J., van de Sande, P., 
van Kessel, M., … & Spikman, J. M. (2017). Cognitive behavioral intervention compared 
to telephone counseling early after mild traumatic brain injury: A randomized trial. 
Journal of Neurotrama, 34(19), 2713-2720. 
Schoene, D., Valenzuela, T., Lord, S. R., & de Bruin, E. D. (2014). The effect of interactive 
cognitive-motor training in reducing fall risk in older people: A systematic review. BMC 
Geriatrics, 14(1), 107.  
Schretlen, D. J., & Shapiro, A. M. (2003). A quantitative review of the effects of traumatic brain 
injury on cognitive functioning. International Review of Psychiatry, 15(4), 341-349.  
Schwab, K., Terrio, H. P., Brenner, L. A., Pazdan, R. M., McMillan, H. P., MacDonald, M., . . . 
Scher, A. I. (2017). Epidemiology and prognosis of mild traumatic brain injury in 
returning soldiers: A cohort study. Neurology, 88(16), 1571-1579.  
Séguin, M., Lahaie, A., Matte-Gagné, C., & Beauchamp, M. H. (2017). Ready! Set? Let's Train!: 
Feasibility of an intensive attention training program and its beneficial effect after 
childhood traumatic brain injury. Annals of Physical and Rehabilitation Medicine 61(4), 
189-196.  
 148 
Seligman, M. E. (1995). The effectiveness of psychotherapy: The Consumer Reports study. 
American Psychologist, 50(12), 965-974.  
Sigal, R. J., Kenny, G. P., Wasserman, D. H., Castaneda-Sceppa, C., & White, R. D. (2006). 
Physical activity/exercise and type 2 diabetes: A consensus statement from the American 
Diabetes Association. Diabetes Care, 29(6), 1433-1438.  
Silsupadol, P. Shumway-Cook, A., Lugade, V., van Donkelaar, P., Chou, L. S., Mayr, U., & 
Woollacott, M. H. (2009). Effects of single-task versus dual-task training on balance 
performance in older adults: A double-blind, randomized controlled trial. Archives of 
Physical Medicine and Rehabilitation, 90(3), 381-387. 
Silverberg, N. D., Gardner, A. J., Brubacher, J. R., Panenka, W. J., Li, J. J., & Iverson, G. L. 
(2015). Systematic review of multivariable prognostic models for mild traumatic brain 
injury. Journal of Neurotrauma, 32(8), 517-526.  
Silverberg, N. D., Hallam, B. J., Rose, A., Underwood, H., Whitfield, K., Thornton, A. E., & 
Whittal, M. L. (2013). Cognitive-behavioral prevention of postconcussion syndrome in 
at-risk patients: A pilot randomized controlled trial. The Journal of Head Trauma 
Rehabilitation, 28(4), 313-322.  
Simon, S. S., Yokomizo, J. E., & Bottino, C. M. (2012). Cognitive intervention in amnestic Mild 
Cognitive Impairment: A systematic review. Neuroscience & Biobehavioral Reviews, 
36(4), 1163-1178.  
Sitzer, D., Twamley, E. W., & Jeste, D. (2006). Cognitive training in Alzheimer's disease: A 






Smith, P. J., Blumenthal, J. A., Hoffman, B. M., Cooper, H., Strauman, T. A., Welsh-Bohmer, 
K., . . . Sherwood, A. (2010). Aerobic exercise and neurocognitive performance: A meta-
analytic review of randomized controlled trials. Psychosomatic Medicine, 72(3), 239-252.  
Smits, M., Dippel, D. W., Houston, G. C., Wielopolski, P. A., Koudstaal, P. J., Hunink, M., & 
van der Lugt, A. (2009). Postconcussion syndrome after minor head injury: Brain 
activation of working memory and attention. Human Brain Mapping, 30(9), 2789-2803.  
Soares, J. C., & Mann, J. J. (1997). The anatomy of mood disorders—Review of structural 
neuroimaging studies. Biological Psychiatry, 41(1), 86-106.  
Stanmore, E., Stubbs, B., Vancampfort, D., de Bruin, E. D., & Firth, J. (2017). The effect of 
active video games on cognitive functioning in clinical and non-clinical populations: A 
meta-analysis of randomized controlled trials. Neuroscience & Biobehavioral Reviews, 
78, 34-43.  
The Management of Concussion/mTBI Working Group. (2009). VA/DoD clinical practice 
guideline for management of concussion/mild traumatic brain injury. Journal of 
Rehabilitation and Research Development, 4, 1-68.  
Stathopoulou, G., Powers, M. B., Berry, A. C., Smits, J. A., & Otto, M. W. (2006). Exercise 
interventions for mental health: A quantitative and qualitative review. Clinical 
Psychology: Science and Practice, 13(2), 179-193.  
Sterr, A., Herron, K. A., Hayward, C., & Montaldi, D. (2006). Are mild head injuries as mild as 
we think? Neurobehavioral concomitants of chronic post-concussion syndrome. BMC 
Neurology, 6(1), 1-10.  
 150 
Stulemeijer, M., Vos, P. E., Bleijenberg, G., & Van der Werf, S. P. (2007). Cognitive complaints 
after mild traumatic brain injury: Things are not always what they seem. Journal of 
Psychosomatic Research, 63(6), 637-645.  
Stuss, D. T., & Alexander, M. P. (2000). Executive functions and the frontal lobes: A conceptual 
view. Psychological Research, 63(3-4), 289-298.  
Swain, D. P., & Franklin, B. A. (2006). Comparison of cardioprotective benefits of vigorous 
versus moderate intensity aerobic exercise. American Journal of Cardiology, 97(1), 141-
147.  
Takeuchi, H., Sekiguchi, A., Taki, Y., Yokoyama, S., Yomogida, Y., Komuro, N., . . . 
Kawashima, R. (2010). Training of working memory impacts structural connectivity. 
Journal of Neuroscience, 30(9), 3297-3303.  
Taylor, C. B., Sallis, J. F., & Needle, R. (1985). The relation of physical activity and exercise to 
mental health. Public Health Reports, 100(2), 195-202.  
Teel, E. F., Marshall, S. W., Shankar, V., McCrea, M., & Guskiewicz, K. M. (2017). Predicting 
recovery patterns after sport-related concussion. Journal of Athletic Training, 52(3), 288-
298.  
Ten Brinke, L. F., Bolandzadeh, N., Nagamatsu, L. S., Hsu, C. L., Davis, J. C., Miran-Khan, K., 
& Liu-Ambrose, T. (2014). Aerobic exercise increases hippocampal volume in older 
women with probable mild cognitive impairment: A 6-month randomised controlled trial. 
British Journal of Sports Medicine, 49(4), 248-254. 
Terrio, H., Brenner, L. A., Ivins, B. J., Cho, J. M., Helmick, K., Schwab, K., . . . Warden, D. 
(2009). Traumatic brain injury screening: Preliminary findings in a US Army Brigade 






Themanson, J., & Hillman, C. (2006). Cardiorespiratory fitness and acute aerobic exercise 
effects on neuroelectric and behavioral measures of action monitoring. Neuroscience, 
141(2), 757-767.  
Thompson, P. D., Buchner, D., Piña, I. L., Balady, G. J., Williams, M. A., Marcus, B. H., . . . 
Franklin, B. (2003). Exercise and physical activity in the prevention and treatment of 
atherosclerotic cardiovascular disease. Circulation, 107(24), 3109-3116.  
Tjønna, A. E., Lee, S. J., Rognmo, Ø., Stølen, T. O., Bye, A., Haram, P. M., . . . Slørdahl, S. A. 
(2008). Aerobic interval training versus continuous moderate exercise as a treatment for 
the metabolic syndrome: A pilot study. Circulation, 118(4), 346-354.  
Torre, J. B., & Lieberman, M. D. (2018). Putting feelings into words: Affect labeling as implicit 
emotion regulation. Emotion Review, 10(2), 116-124.  
Trost, S. G., Owen, N., Bauman, A. E., Sallis, J. F., & Brown, W. (2002). Correlates of adults’ 
participation in physical activity: Review and update. Medicine & Science in Sports & 
Exercise, 34(12), 1996-2001.  
Troyer, A. K., & Rich, J. B. (2002). Psychometric properties of a new metamemory 
questionnaire for older adults. The Journals of Gerontology Series B: Psychological 
Sciences and Social Sciences, 57(1), P19-P27.  
Umstattd, M. R., Motl, R., Wilcox, S., Saunders, R., & Watford, M. (2009). Measuring physical 
activity self-regulation strategies in older adults. Journal of Physical Activity and Health, 
6(s1), S105-S112.  
Venkatesh, V. (2000). Determinants of perceived ease of use: Integrating control, intrinsic 
motivation, and emotion into the technology acceptance model. Information Systems 
Research, 11(4), 342-365.  
 152 
Venkatesh, V., & Davis, F. D. (2000). A theoretical extension of the technology acceptance 
model: Four longitudinal field studies. Management Science, 46(2), 186-204.  
Viano, D. C., & Parenteau, C. S. (2015). Concussion, diffuse axonal injury, and AIS4+ head 
injury in motor vehicle crashes. Traffic Injury Prevention, 16(8), 747-753.  
von Holst, H., & Cassidy, J. D. (2004). Mandate of the WHO collaborating centre task force on 
mild traumatic brain injury. Journal of Rehabilitation Medicine, 36(0), 8-10.  
Vrijen, C., Schenk, H. M., Hartman, C. A., & Oldehinkel, A. J. (2017). Measuring BDNF in 
saliva using commercial ELISA: Results from a small pilot study. Psychiatry Research, 
254, 340-346. 
Warden, D. (2006). Military TBI during the Iraq and Afghanistan wars. The Journal of Head 
Trauma Rehabilitation, 21(5), 398-402.  
Weinstein, A. M., Voss, M. W., Prakash, R. S., Chaddock, L., Szabo, A., White, S. M., . . . 
Kramer, A. F. (2012). The association between aerobic fitness and executive function is 
mediated by prefrontal cortex volume. Brain, Behavior, and Immunity, 26(5), 811-819.  
Westerberg, H., Jacobaeus, H., Hirvikoski, T., Clevberger, P., Östensson, M.-L., Bartfai, A., & 
Klingberg, T. (2007). Computerized working memory training after stroke–A pilot study. 
Brain Injury, 21(1), 21-29.  
Whitney, S. L., Marchetti, G. F., Schade, A., & Wrisley, D. M. (2004). The sensitivity and 
specificity of the Timed "Up & Go" and the Dynamic Gait Indexfor self-reported falls in 
persons with vestibular disorders. Journal of Vestibular Research, 14(5), 397-409. 
Wild, M. R. (2013). Assistive technology for cognition following brain injury: Guidelines for 
device and app selection. Perspectives on Neurophysiology and Neurogenic Speech and 






Willer, B., & Leddy, J. J. (2006). Management of concussion and post-concussion syndrome. 
Current Treatment Options in Neurology, 8(5), 415-426.  
Willis, S. L., Tennstedt, S. L., Marsiske, M., Ball, K., Elias, J., Koepke, K. M., . . . Stoddard, A. 
M. (2006). Long-term effects of cognitive training on everyday functional outcomes in 
older adults. Journal of the American Medical Association, 296(23), 2805-2814.  
Wing, R. R., & Hill, J. O. (2001). Successful weight loss maintenance. Annual Review of 
Nutrition, 21(1), 323-341.  
Wolf, G., Cifu, D., Baugh, L., Carne, W., & Profenna, L. (2012). The effect of hyperbaric 
oxygen on symptoms after mild traumatic brain injury. Journal of Neurotrauma, 29(17), 
2606-2612. 
World Health Organization. (1992). International Statistical Classification of Diseases and 
Realted Health Problems, 10th Revision (ICD-10). Geneva: WHO. 
Wüest, S., Borghese, N. A., Pirovano, M., Mainetti, R., van de Langenberg, R., & de Bruin, E. 
D. (2014). Usability and effects of an exergame-based balance training program. GAMES 
FOR HEALTH: Research, Development, and Clinical Applications, 3(2), 106-114.  
Young, M., Plotnikoff, R., Collins, C., Callister, R., & Morgan, P. (2014). Social cognitive 
theory and physical activity: A systematic review and meta‐analysis. Obesity Reviews, 







APPENDIX A: SPORT PARTICIPATION AND CONCUSSION HISTORY 
QUESTIONNAIRE 
 
1 In the past, have you participated in any recreational or competitive sports and/or physical 
activities? 
o Yes  




2 Which recreational or competitive sport(s) and/or physical activities have you been a 
participant of? (Please record up to 3) 
o Sport or Activity #1 ________________________________________________ 
o Sport or Activity #2 ________________________________________________ 




3 What is the highest level you have achieved within your top sport or activity? 
o Recreational or for personal enjoyment  
o Interscholastic competition (high school)  
o Intercollegiate competition  
o Amateur competition  
o Semi-professional competition  
o Professional competition  
o Olympic competition  









4 How often do you participate in your top sport? 
o Daily  
o 5-6 times per week  
o 3-4 times per week  
o 1-2 times per week  
o Once a month  
o Once every 6 months  




5 Have you ever sustained a concussion, mTBI, or other type of head injury? 
o Yes  




6 Have you sustained a concussion, mTBI, or other type of head injury within the previous year? 
o Yes  











8 How many of those injuries have been diagnosed as either a concussion or mTBI by a medical 





9 How many of those injuries have NOT been diagnosed as a concussion or mTBI because you 










10 Which of the following symptoms have you experienced as a result of your concussion, 
mTBI, or head injury?  
Please select all that apply. 
  Headaches  
  Feeling nauseous  
  Vomiting  
  Problems balancing  
  Feelings of dizziness  
  Feelings of lightheadedness  
  Feeling fatigued  
  Trouble falling asleep  
  Sleeping more than usual  
  Sleeping less than usual  
  Feeling drowsy  
  Sensitivity to light  
  Sensitivity to noise  
  Irritability  
  Feelings of sadness  
  Feeling nervous or anxious  
  Feeling more emotional  
  Numbness or tingling sensation  
  Feeling slowed down  
 158 
  Feeling as though you are in a fog  
  Difficulty concentrating  
  Difficulty remembering  
  Visual problems  




11 Are you currently experiencing any of these symptoms as a result of your concussion, mTBI, 
or head injury?  
 
 
For example: feeling fatigued most days/week, difficulty concentrating on work most days/week, 
or experiencing headaches most days/week 
o Yes  




12 Have the symptoms from your injury lasted longer than 2 consecutive weeks? 
o Yes  















14 Have you engaged in any form of regular physical activity (i.e., at least 30 minutes of 
moderate to vigorous exercise on most days per week) since sustaining your concussion, mTBI, 
or other head injury? 
o Yes  




15 Are you currently prescribed to any medication to treat these symptoms? 
o Yes  




16 Were you at least 18 years old at the time of your injury? 
o Yes  
o No  
 
